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Jack-up rigs are often employed to carry out oil drilling or work-overs close to existing 
piled jacket platforms. As a result, the penetration/extraction of the spudcan foundation 
under jack-up rigs may induce large stresses on existing piles nearby. However, 
relatively few research studies have been conducted to examine this problem to date. A 
better understanding of this soil-structure interaction problem is hence necessary. 
In the present study, the penetration and extraction effects of a spudcan on adjacent 
single piles were studied by means of a series of small-scale model tests in the 
geotechnical centrifuge. Using particle image velocimetry technique on high resolution 
photographs taken during half-cut spudcan tests, soil flow mechanisms were clearly 
revealed as the spudcan undergoes penetration and then extraction in both normally 
consolidated soft clay and soft clay overlying sand profiles. In the former soil profile, 
localized soil failure mechanism dominates as the spudcan penetrates deeply in the soft 
clay. On the other hand, in the latter soil profile, the soil squeezing effect is evident as 
the spudcan approaches the underlying sand layer. This is coupled with the localized 
soil failure mechanism that finally yields the soil failure pattern surrounding the 
spudcan. The soil squeezing is found to increase the soil movements adjacent to the 
penetrating spudcan in clay/sand profile as compared to that in single soft clay, but the 
induced soil movements are also prevented from extending to a greater soil depth 
owing to the restraint by the underlying sand layer. 
This study entails the bending moment and axial force distributions along the pile 
shafts during spudcan penetration and extraction as well as the induced pile 
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movements. Both free-headed and fixed-headed pile responses were examined to 
evaluate the interaction mechanisms under these two extremes of pile head conditions. 
It is found that the bending shape of a free-headed pile changes from shallow to deep 
spudcan penetrations, and the reduction in compressive axial force is observed in pile. 
In contrast, the bending shape of a fixed-headed pile remains fairly constant during 
spudcan penetration, and the maximum bending moment is greater than that of a 
free-headed pile owing to restraint from the pile head. It is established that the induced 
pile stresses during spudcan penetration are more critical as compared to those during 
spudcan extraction. Several series of studies were conducted aiming to evaluate the 
various parameters that affect the pile performance, including spudcan-pile clearance, 
pile length, pile socket length in sand, spudcan operation period, etc. The soil 
squeezing in clay overlying sand is found to have negligible effect on the induced pile 
stresses, while the effect from the pile socket length in sand owing to the restraint by 
the sand layer is more evident. It is established that the lateral pile capacity is heavily 
affected under several conditions, especially at a small spudcan-pile clearance, 
whereas the axial pile responses are less affected. Practical implications are then 
derived from the test results. 
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1.1 Mobile Jack-Up Rigs and Spudcan Foundations 
In practice, different types of platforms/rigs are employed to perform oil drilling, see 
Figure 1.1. The type of platform/rig to be adopted mainly depends on the water depths. 
Among all types of platforms, mobile jack-up rigs are the most commonly used 
worldwide and share almost 60% of the total number of platforms, as illustrated in 
Figure 1.2. 
Jack-up rigs are usually used in water depths up to 120 m. A typical unit of such 
jack-ups consists of a buoyant triangular platform resting on three independent 
truss-work legs, with the weight of the deck and equipments more or less equally 
distributed. 
Mobile jack-up rigs are generally classified into three categories according to the types 
of support provided at the legs: (1) mat-supported, (2) individual footing (spudcans) 
supported and more recently (3) skirted gravity base supported. Among these, 
spudcans are the most widely used as the jack-up foundation. A typical example of 
such jack-up unit is shown in Figure 1.3. Most spudcans are almost circular in plan, 
typically with shallow conical tips to facilitate initial location and provide extra 
horizontal stability, see Figure 1.4. This type of rig is usually used as a temporary 
production platform, especially for economically marginal oilfields, and typically stays 
on a location for only a few months. Since offshore soils around the world exhibit a 
wide range of properties and strengths, jack-up units are necessarily reassessed for 
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different sites. This research focuses on the performance of spudcan foundation that is 
utilized in jack-up rigs with individual legs. 
The typical procedure of jack-up installation is shown in Figure 1.5. The rigs are firstly 
towed to the target location with the hull floating on water and the legs above water. 
The legs are subsequently jacked down and the rigs are positioned with footing resting 
on the seabed. The hull is then raised about 1.5 m above water level and then the 
foundations are preloaded to the desired load by pumping water into the ballast tanks 
in the hull. 
The preload causes the spudcan to penetrate into the seabed until the summation of the 
load on the spudcan and the spudcan weight is balanced against the resistance of the 
spudcan foundation. Figure 1.6 illustrates the preloading principles for a jack-up in soft 
normally consolidated clay. The principles are also generally applicable to other soil 
profiles. The purpose of preloading a jack-up foundation is to achieve additional 
penetration of the footing to a level where the total bearing capacity exceeds the 
highest predicted load for the design storm with 50-year return period. It is common to 
preload the foundation to twice the working vertical load since in a design storm, 
overturning moments caused by the wave and wind forces may apply additional load 
on a spudcan by 20-50% of the gravity load (McClelland et al., 1981). Young et al. 
(1984) reported that the preloads were typically 18-49 MN, corresponding to bearing 
pressures of about 192-335 kPa for spudcan diameters of 10-15 m. In soft clays, the 
spudcan may need to penetrate up to 2-3 diameters to reach equilibrium (Endley et al., 
1981). 
After preloading, the water is dumped out of the ballast to achieve the working load. 
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The hull is then jacked up to the desired operating height above the sea level. In the 
subsequent operation period ranged from weeks to as long as 5 years in some specific 
cases, the jack-up rig is subjected to gravity and environmental loads, see Figure 1.7. 
The latter including waves, wind and current are uncertain and can only be predicted 
using statistical data. Finally, after an operation at a site, the legs are extracted by 
jacking down the hull into water to achieve enough buoyancy and then relocated 
elsewhere. 
1.2 Permanent Jacket Platforms and Pile Foundations 
A fixed offshore platform (Figure 1.8) for oil/gas drilling usually takes the form of a 
tubular jacket. The jacket structure typically consists of a space frame supported by 
piles. Steel piles with diameter up to 2.4 m and embedment length up to about 100 m 
are commonly used. The usual construction procedure is briefly introduced by the 
American Petroleum Institute (API, 2000). It begins with transportation of the jacket to 
the target location by several barges, followed by the adjustment of the structure to the 
design position. The piles are then fed through the legs of the jacket and driven 
through long steel sleeves to their required penetration depths by means of a piling 
hammer supported on a surface vessel. Thereafter, the piles are cut off and the 
peripheral spaces between piles and sleeves are grouted with pressure to provide a 
persistent shear connection. The prefabricated deck units are then placed on the piles at 
an elevation above the crests of anticipated storm waves and connected by field welds. 
The structural loads are usually transferred to the piles through the sleeves and shear 
connections. Without consideration for the adjacent jack-up installation, the anticipated 
loads that the jacket platform may be subjected to are shown in Figure 1.9. Compared 
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with onshore piles, offshore piles are subjected to axial loads an order of magnitude 
greater and also substantial lateral loads, both of which are cyclic in nature. Unlike the 
mobile jack-ups, the platform is permanently placed at the site. 
1.3 Interaction between Spudcan and Piles 
Jack-up rigs are often cantilevered over existing piled jacket platforms to carry out 
drilling or work-overs, and also provide additional accommodation power source or 
fabrication space, see for example Figure 1.10. In addition, some modular structure 
functional packages, such as drilling apparatus and construction cranes, are always 
necessary to transfer from a jack-up rig to a jacket platform. 
Prior to these works, the jack-up should be positioned first adjacent to the jacket 
platform. Depending on the jacket footprint and the location of jack-up rigs, the 
spudcan foundation of jack-up rigs may be close to the pile foundations of the jacket. 
The typical relative positions of these two structures are illustrated in Figure 1.11. The 
proximity of the spudcan to the existing piled platform during spudcan penetration/ 
extraction would generate soil movements in the adjacent field and induce stresses on 
piles. These stresses may affect the performance of the pile foundations and 
subsequently cause distress to the superstructure. Furthermore, the presence of a zone 
of remolded soil as well as a footprint left adjacent to piles after spudcan extraction 
would reduce the pile capacity of resisting the environmental and storm loads (Mirza 
et al., 1988; Le Tirant and Pérol, 1993). 
In Southeast Asia, one pile under each leg is commonly used in a jacket platform. 
Since legs are far from each other, the pile under each leg can be simplified as a single 
pile, and the interaction between the piles mainly through the connection provided by 
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the tubular jacket above can be simplified as the pile with a certain degree of restraint 
at the pile head. In addition, it is generally accepted that only the nearest spudcan is 
considered to have an effect on the working condition of the nearest pile, as the other 
combinations of spudcan and pile are far from each other as shown in Figure 1.11. As 
such, this problem can be simplified as the interaction between a single spudcan and a 
single pile. This simplification is adopted in most of the previous studies as will be 
introduced in Chapter 2. 
The guideline by the Society of Naval Architects and Marine Engineers (SNAME, 
2002) suggested that if the foundation materials consisted of a deep layer of 
homogeneous firm to stiff clay or sand and if the pile was beyond 1D from the spudcan 
edge (D is spudcan diameter), there was no significant additional stress. When the 
spacing was less than 1D, analysis was recommended to be performed. Meanwhile, 
numerical analysis such as Lyons and Willson (1985) and Chow (1987) indicated that 
in stiff soils, the pile performance was not affected even with a spudcan-pile clearance 
less than 1D. This is probably attributed to only a shallow spudcan penetration 
required to achieve sufficient bearing capacity. However, in soft soils, a deep spudcan 
penetration is necessary and it would inevitably induce a large soil deformation in the 
adjacent field. Therefore, the spudcan in soft soils should have the most significant 
influence on the pile performance. 
Centrifuge experiments have been conducted to simulate the spudcan 
penetration/extraction in soft soils. Siciliano et al. (1990), Craig (1998) and Stewart 
(2005) presented valuable experimental data on pile responses induced by spudcan 
penetration/extraction. However, these small numbers of existing experimental studies 
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did not provide a comprehensive and thorough understanding of the spudcan-pile 
interaction mechanism as well as give any rational solutions to this problem. In 
addition, the contributing factors such as spudcan-pile clearance have not been 
revealed. Numerical simulation encountered great difficulties in performing large 
deformation analysis. As such, limited number of numerical studies has been carried 
out to date. 
1.4 Objectives and Scope of Study 
In view of the problem introduced above, a research study has been conducted at the 
National University of Singapore (NUS) to investigate the spudcan-pile interaction 
mechanism. The study is a part of a joint industry project sponsored by ExxonMobil, 
Keppel, Shell, TOTAL and ABS. The aim of this study was to enhance the 
understanding of the interaction mechanism between spudcan and adjacent pile 
foundations. Specifically, the study intended to: 
a) study the lateral and axial pile responses during spudcan penetration and extraction 
in single soft clay and in soft clay overlying sand layer; 
b) evaluate the critical contributing factors to the pile responses; 
c) reveal the mechanisms of soil distortion around both spudcan and piles due to 
spudcan penetration and extraction in single soft clay layer and soft clay overlying 
sand layer; and 
d) enable offshore geotechnical engineers to identify potential spudcan-pile 
interaction problem and provide rational suggestions for practical pile foundation 
design under such a situation. 
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Owing to complexity and difficulties in numerical analysis of large soil deformation 
during spudcan penetration/extraction, the present study concentrated on the physical 
modeling of the spudcan-pile interaction. The tests were carried out on the NUS 
Geotechnical Centrifuge to simulate the installation of piles and spudcan, as well as the 
extraction of spudcan, using appropriate control modes. Spudcan operation was 
simplified as the period with a constant vertical loading on the spudcan. Only vertical 
piles were investigated in the present study. As piles are partially fixed at the pile head 
in practice, both free head (free rotation and free deflection) and totally fixed head (no 
rotation and no deflection) conditions were adopted to simulate the two extreme pile 
head conditions. The actual pile responses in the field are expected to lie in-between 
the two extremes. The effects of spudcan penetration and extraction on both lateral and 
axial responses of a single vertical pile were examined in isolation of all other loading 
cases such as environmental and storm loads. 
The first series of experiments explored the behaviors of free-headed piles, subjected 
to soil movements induced by spudcan embedded in soft clay. The aim of this series 
was to evaluate the critical contributing factors, such as spudcan-pile clearance, 
spudcan operation period, and magnitude of spudcan working load, to a pile due to 
spudcan penetration and extraction. 
The second series of experiments mainly investigated the responses of fixed-headed 
piles. Two different soil profiles were employed, including single soft clay layer and 
soft clay overlying sand layer, in order to study the effect of soil squeezing on pile 
responses when a spudcan approached the underlying sand layer. Several contributing 
factors such as spudcan-pile clearance, pile socket length in sand, and spudcan 
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operation period were also examined. 
To facilitate the study on pile responses, the free field soil movements and soil flow 
mechanisms during spudcan penetration/extraction were also investigated on high 
resolution photographs taken during tests using Particle Image Velocimetry (PIV) 
technique, an advanced image processing method. Finally practical implications of the 
findings were elaborated. 
1.5 Outline of Thesis 
In Chapter 2, an extensive review of literature on spudcan penetration, operation and 
extraction as well as the corresponding effects on adjacent pile foundation are 
presented. Reviews relevant to the effects of soil movements on pile are also 
introduced. In Chapter 3, the research methodologies including experimental setup and 
procedures are illustrated. This is followed by a detailed discussion of soil flow 
mechanism induced by spudcan penetration/extraction in soft clay and soft clay 
overlying sand in Chapter 4. The observations from a series of experiments designed to 
study the effect of spudcan on free-headed and fixed-headed piles are described in 
Chapter 5 and Chapter 6, respectively. Lastly, the salient findings of this thesis are 
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Figure 1.4. (a) Typical shapes of spudcan (after Young et al., 1984); (b) spudcan used 
in the field (source: www.rowancompanies.com). 
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Figure 1.6. Principle of preloading of footings (after McClelland et al., 1981). 
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Figure 1.7. Anticipated loads on jack-up rig (after Hancox, 1993). 
    
(a)              (b) 
Figure 1.8. Typical piled jacket platform (a) source: www.offshore-mag.com; (b) 
source: www.offshore-technology.com. 
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Figure 1.9. Anticipated loads on jacket platform (after Le Tirant, 1979). 
 
Figure 1.10. Typical jack-up and fixed platform position in the field 
(source: www.rowancompanies.com). 




Figure 1.11. Relative position between a jack-up and a jacket 






This chapter incorporates a literature review on the interaction studies between 
spudcan and piled foundations. The soil failure mechanism during the footing 
installation and extraction in both single soft soil and soft overlying stiff soil profiles 
are firstly presented. Soil-pile interactions are then briefly reviewed in terms of 
induced lateral and vertical loadings on piles. More specifically, the studies closely 
relevant to the effect of spudcan installation, operation and extraction on adjacent piled 
foundations are then presented in detail, including centrifuge experimental and 
numerical investigations. Finally a review on the effect of pile installation on adjacent 
piles is presented. 
2.2 Soil Flow Mechanism during Installation and Extraction of 
Footings 
Many studies had been carried out to investigate the soil flow mechanism of different 
types of foundations including shallow footings, piles and penetrometers. The 
installation of footing is always of the most interest; while for the case of spudcan, the 
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2.2.1 Installation of footing 
2.2.1.1 Single soft soil profile 
Early studies on induced soil displacements around shallow footings were based on 
limit state analysis and the assumed slip lines generally followed the shape shown in 
Figure 2.1 (e.g. Terzaghi, 1943; Meyerhof, 1951; Davis and Booker, 1973; Tani and 
Craig, 1995b; Martin, 2001). These studies were limited to a wished-in-place footing 
and did not consider the formation of cavity near the ground surface. 
In recent years, both centrifuge model tests and large deformation finite element 
analyses reported a clear soil flow pattern around footings (see for example Figures 2.2 
and 2.3), with a transition from general bearing capacity mechanism at shallow 
penetration to localized flow mechanism when a footing penetrates deeply in soft clay 
(e.g. Lu et al., 2001; Mehryar et al., 2002a; Hossain et al., 2005, 2006; Purwana, 2007). 
According to Hossain et al. (2006), the lateral extent of soil distortion was observed to 
decrease from 0.75D (measured from spudcan centerline) at shallow penetration to 
0.65D at deep penetration for a spudcan footing with diameter D. 
The development of stress state above and below spudcan in soft clay was investigated 
by Purwana (2007). It was observed from Figure 2.4 that the increment of total stress 
and pore pressures are of similar magnitude, indicating that the spudcan penetration 
causes significant soil remolding. The progressive shearing process from the soil under 
the footing base to the adjacent field was elaborated by Bjerrum (1973), in the way of 
linking the soil shearing at each location with similar shearing in laboratory shear tests 
as shown in Figure 2.5. It was found that at different positions around the footing, the 
soil shears with different orientations with respect to the horizontal level and thus the 
Chapter 2 Literature Review 
 17
soil stress paths are different. These findings are certainly meaningful, but their focus 
on bearing capacity is not relevant to the study of the deformation of the adjacent field. 
The latter is the main objective of the present study in order to establish the 
mechanism of spudcan-pile interaction. 
Craig and Chua (1990a, 1991) captured the ultimate soil deformation after spudcan 
penetration in uniform clay by cutting the soil sample in half, see for example Figure 
2.6 at a spudcan penetration depth of 1.6 times spudcan diameter. The soils at 0.2D and 
0.38D away from the spudcan edge were observed to predominantly move outward 
with slightly back flow near the ground surface. However, the progressive soil failure 
and the vertical soil deformation during spudcan penetration were not examined. 
Siciliano et al. (1990) presented an indirect method to estimate the lateral soil 
deformation in the adjacent field to a spudcan in soft clay. The bending moments of a 
pile adjacent to spudcan were firstly recorded during spudcan penetration. Using the 
beam-column model which establishes the relationships between the pile-soil relative 
displacements and the soil pressures on pile, the incorporated soil displacement profile 
which could give the best fit to the bending moment data was deemed to be the lateral 
soil displacement. The lateral soil movement profile at 0.5D (D = 13.7 m) away from 
the spudcan edge is shown in Figure 2.7. It seems that the maximum lateral soil 
movement always located close to the spudcan penetration depth. The validation of 
this estimation will be further discussed in Section 4.5.1. 
Pile induced soil movements in the adjacent field have also been widely studied by 
means of both analytical analysis and experiments. The strain path method with varied 
modifications is commonly utilized to estimate the pile induced soil movement (e.g. 
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Baligh, 1985; Sagaseta, 1987; Chow and Teh, 1990; Poulos, 1994; Sagaseta and 
Whittle, 2001). These analyses agreed well with reported case histories (e.g. Cooke 
and Price, 1973; Cooke et al. 1979; Hwang et al., 2001; Xu et al., 2006). 
A typical clay deformation pattern during pile installation was reported by Sagaseta 
and Whittle (2001) shown in Figure 2.8, which clearly revealed the gradual transition 
of soil displacement from the immediate vicinity of pile outwards. With respect to 
vertical soil displacement, there is a settlement bulb under the pile toe, which is 
defined as the area within the ‘0’ contour line, beyond which upward soil displacement 
prevails. 
Lateral soil displacement during penetration of a pipe pile in soft clay has been 
measured in the field by Xu et al. (2006) (see Figure 2.9). The lateral soil displacement 
zone extended to a greater soil depth with a deeper pile penetration, whereas the 
maximum soil displacements were always located at about 4 m to 4.5 m soil depth. 
The lateral soil displacement reduced with increasing distance from the pile. With 
regard to vertical soil displacements estimated by Chow and Teh (1990) shown in 
Figure 2.10, the clay moved predominantly upwards at a distance of 3 times pile 
diameter from the pile, and the maximum displacement occurred near the soil surface. 
This maximum soil movement increased rapidly at the beginning, and gradually 
stabilized when the pile penetrated deeply. 
The requirement of accurate determination of shear strength of soft soils enhances the 
study on the installation of penetrometers, including cone, T-bar and spherical 
penetrometer shown in Figure 2.11 (e.g. Randolph and Houlsby, 1984; Tani and Craig, 
1995a; Randolph et al., 1998; Randolph et al., 2000; El-Sherbiny et al., 2006; Chung et 
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al., 2006; Lehane et al., 2009). Again, these studies mainly concerned with the bearing 
resistance, without enough observation on the soil flow mechanism. 
2.2.1.2 Soft overlying stiff soil profile 
SNAME (2002) stated that during spudcan installation, soft clay is squeezed outward 
if it overlays a significantly stronger layer. Meyerhof and Chaplin (1953) suggested 
that when the clearance between a circular footing and the underlying rigid stratum (H) 
was less than one-third of footing diameter (D), the bearing capacity would be 
amplified (Figure 2.12). Their conclusion was incorporated in SNAME (2002). The 
calculation by Mandel and Salencon (1969) showed that the bearing capacity factor Nc 
increased when H/D was less than 7.02/2 ≈ . Similar result was also noted by 
Vesic (1975) and De Beer (1987) in their studies on soft-over-strong clay layer profile. 
Kinematical Element Method (KEM) was incorporated in the analysis of bearing 
capacity of strip footing on weak overlying strong soil profiles (Schanz and Gussmann, 
1995), which showed that when H/D was less than 1/2, the failure line would involve 
both soil layers. Similar finding was also reported by Merifield et al. (1999) in their 
finite element analysis using the upper and lower bound limit theorems. Merifield et al. 
(1999) concluded that for a strip footing resting on a soft-over-strong clay profile, the 
strong layer had no effect on the footing until H/D equals to 1/2. 
Brown and Meyerhof (1969) conducted experiments on flat footing on the ground 
surface with a soft overlying stiff clay profile and found that H/D was around 2/3 when 
the underlying stiff layer started to influence the footing. Model tests on single model 
pile in clay overlying sand conducted by Meyerhof and Sastry (1978) showed that the 
rate of increase in resistance was constant until the clearance between the pile tip and 
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sand layer was less than the pile diameter. From the experiments on the weak layer 
overlying strong layer, Meyerhof and Hanna (1978) suggested that for a circular 
footing with H/D > 1, the failure zone was localized within the weak layer. 
The above cases are summarized in Table 2.1. Overall, the average limiting distance 
factor (H/D) is about 0.58 from analytical methods, which is smaller than that of 0.89 
from experiments. The analytical methods assume a flat footing loaded at the surface 
of a uniform weak layer overlying a relatively rigid layer and a general bearing 
capacity failure mechanism prevails. They did not consider the shape of the footing 
base, the localized soil flow pattern when a footing is deeply embedded, as well as the 
typical soil profile of shear strength increasing linearly with depth. As such, these 
analytical and numerical solutions may not be applicable to the case of spudcan in 
normally consolidated soft clay overlying sand in the present study. 
Dembicki and Odrobinski (1973) conducted many model tests on the bearing capacity 
of stratified soils, with a weak mud layer between the overlying sand layer and 
underlying steel bottom. The corresponding soil flow mechanism was then proposed in 
Figure 2.13. It was clear that the mud layer is squeezed outward as well as upward in 
the adjacent field. However, progressive soil failures as well as degree of squeezing 
during footing penetration were not investigated. For the problem when there are 
adjacent piles beside a spudcan, the potential squeezed lateral soil movement might 
induce additional lateral soil pressure on the adjacent piles. In such a case, the soil 
flow mechanism needs to be thoroughly understood. 
2.2.2 Extraction of footing 
A large uplift “breakout” force is usually required to extract a deeply-embedded 
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footing in soft clay (Vesic, 1971). The breakout phenomenon of plate anchors or 
shallow footings had been widely investigated through experimental and theoretical 
studies (e.g. Vesic, 1971; Finn and Byrne, 1972; Rapoport and Young, 1985; Shin et al., 
1994; Mehryar et al., 2002b; Thorne et al., 2004; Rattley et al., 2005). Craig and Chua 
(1990b) demonstrated the presence of base suction during the extraction of spudcan. 
Purwana (2007) further evaluated the contribution of base suction to the breakout force 
and thoroughly established the soil failure mechanism for spudcan in soft clay. 
The schematic of soil failure mechanism during spudcan extraction proposed by 
Purwana (2007) is shown in Figure 2.14. The failure process typically consists of 4 
stages, named (a) initial stage associated with the suction development and progressive 
mobilization of soil on spudcan top, (b) second stage with full mobilization of the top 
soil resistance, (c) third stage with the occurrence of peak suction, and (d) the final 
stage with the residual shearing on spudcan top and full mobilization of soil backflow. 
With respect to the stress development under the spudcan base, Purwana (2007) 
observed that (Figure 2.15) when the spudcan is being extracted, the pore pressure 
reduces slightly while the total pressure drops significantly. Hence, the total pressure 
and pore pressure at the spudcan base were found to be getting closer and finally 
become nearly identical as the point of suction breakout was approached, indicating a 
reduction of effective stress towards zero. He further proposed that the contact stress at 
the spudcan base at the breakout point is essentially water pressure. The full 
mobilization of soil resistance on spudcan top at the second stage is associated with the 
peak values of both total vertical pressure and pore pressure shown in Figure 2.16, 
which occurs at a spudcan upward displacement of 1 m. 
Chapter 2 Literature Review 
 22
From a parametric study on different operation periods (the operation periods were 
simplified as the periods with a constant vertical loading on the spudcan), Purwana 
(2007) concluded that the base suction increases significantly with operation period 
(Figure 2.17) whereas the increments of pore pressure at spudcan base from the 
beginning of extraction to the breakout point are similar. Another study on the 
magnitude of operational load shown in Figure 2.18 revealed that a higher ratio of 
operational load to installation load would generate a greater suction (distance between 
vertical dashed line and point 3) during spudcan extraction as well as a larger 
increment of pore pressure (distance between point 2 and point 3) from the beginning 
of extraction to the breakout point. 
2.3 Effect of Lateral Loading on Piles 
Pile is commonly designed to resist the lateral loads directly applied at the pile head 
and this pile is usually called “active pile”. The loads from wind, waves, current, ship 
impact which can be transferred from the upside of jacket platform to the pile head 
belong to this category. However, there are cases that the piles have to withstand 
passive loading, i.e. loads which come from the moving soil, and such a pile is named 
“passive pile”. The soil movement can be due to tunneling, excavation, unstable slope, 
etc. The pile shaft itself can be divided into the passive and active portions, for 
example in the case of an unstable slope as sketched in Figure 2.19. 
2.3.1 Active pile 
Pioneer work has been done by Broms (1964a, b) who obtained the ultimate lateral 
resistance of a pile from laboratory tests and proposed the failure patterns of pile-soil 
interaction with bending stiffness, pile length and ground stiffness. Thereafter, several 
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methods have been suggested to predict the response of laterally loaded piles, among 
which the modulus of subgrade reaction method (also called “ yp − ” analysis) is the 
most frequently used. p  is the soil pressure on pile and y  is the relative 
displacement between the soil and pile. In this approach, the soil around a pile is 
simulated by a series of independent linear or non-linear springs, each spring 
representing the behavior of part of the soil layer, which can be seen in Figure 2.20. 
Methods for predicting yp −  curves have been worked out for soft clay (Matlock, 
1970), stiff clay (Reese et al., 1975) and sand (Murchison and O’Neill, 1984). These 
are recommended by API (2000). 
According to Briaud and Smith (1983) and Smith (1987), the soil pressure p  on 
laterally-loaded pile can be decomposed into two components: the front earth pressure 
and side friction around pile, as shown in Figure 2.21. Briaud et al. (1983) established 
from load tests that at working loads, the side friction contributed the majority of the 
mobilized soil resistance; while at ultimate load, the front earth pressure contributed 
most. 
From the 3-dimensional view of the soil failure pattern surrounding a laterally loaded 
pile in sand shown in Figure 2.22, Otani et al. (2006) observed that there was a low 
density area around the pile shaft at the opposite side of the loading direction behind 
the pile shaft. They attributed this phenomenon to stress relaxation, or in other words 
the generation of active earth pressure along the pile shaft. The strain localization at 
the right side of pile indicated the failure zone, which revealed a conical shape in 
3-dimensions. 
For piles laterally loaded in layered soils, solutions were proposed by Davisson and 
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Gill (1963) and Pise (1982). However, they required constant soil stiffness with depth 
for each layer, which did not sufficiently represent the actual soil profiles. Yang and 
Liang (2006) employed a numerical method using the theory of subgrade reaction and 
the modulus of subgrade reaction could be either constant with depth or vary linearly 
with depth in each layer. The parametric study on socket length in rock by Yang and 
Liang (2006) indicated that once the rock socket length was greater than 2 times pile 
diameter, there was no significant further reduction in lateral pile head deflection (see 
Figure 2.23). 
2.3.2 Passive pile 
A number of experiments have been conducted to investigate the response of piles 
when subjected to lateral soil movement. Heyman (1965), Springman (1989) and 
Stewart (1992) reported the bending moment distributions along piles near an 
embankment. Esu and D’Elia (1974), Lee et al. (1991) and Chow (1996) presented the 
lateral responses of piles for stabilizing sliding slopes. Chu (1994), Leung et al. (2000), 
Ong et al. (2006) and Leung et al. (2006) studied the responses of piles close to an 
unsupported excavation, and Goh et al. (2003) evaluated the pile performance near 
braced excavation. Responses of piles subjected to idealized soil movements 
artificially generated by special equipments have also been investigated by Poulos et al. 
(1995) and Pan et al. (2000). 
As pointed out by Chen (1994), the prediction of pile responses can be generally 
classified into three categories. The first is the pressure-based method employed by De 
Beer and Wallays (1972), Tschebotarioff (1973) and Springman (1989) with special 
assumption of soil pressure distribution. The second is the displacement-based method. 
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The free-field soil displacement should be estimated firstly by numerical methods, 
such as finite element method (Chow and Yong, 1996; Leung et al., 2000; Ong et al., 
2006), finite difference method (Poulos and Davis, 1980) and boundary element 
method (Poulos et al., 1995, 1997). Pile responses are subsequently calculated using 
the beam-column model. The third is 2D or 3D finite element methods, see for 
example Springman, 1989; Stewart, 1992; Chen, 1994; Bransby, 1995. 
From the numerical analyses of pile response due to lateral soil movement, four types 
of failure modes were identified by Lee et al. (1991), as shown in Figure 2.24. “Flow” 
mode is the flow of the soil past a strong and stationary pile associated with soil failure. 
“Short pile” mode refers to the translation of the pile with the sliding soil, resulting in 
the failure of the supporting soil. “Intermediate” mode is the rotation of pile with the 
soil strength mobilized along the whole length of the pile. Finally, “long pile” mode 
refers to the occurrence of plastic hinge in pile (i.e. reach of the yield bending moment) 
before complete development of the other three modes. 
2.3.3 Limiting soil pressure on active and passive piles 
The maximum lateral soil pressure that can be applied on the pile, also termed the 
limiting pressure, is very important to construct a realistic yp −  curve. For active 
piles in cohesive soils, Broms (1964a) proposed that the ultimate soil pressure 
increased from 2 cu at the ground surface to 8-12 cu at a depth of about 3 pile diameters 
and remained constant at greater depth, as shown in Figure 2.25. cu is the undrained 
shear strength of soil. Broms (1964a) established that near the ground surface, the soil 
failure is produced by a wedge type failure; while at lower positions, failure is 
associated with plastic flow of the soil around the pile. Although many other empirical 
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and analytical solutions have also been proposed (e.g. Matlock, 1970; Randolph and 
Houlsby, 1984; Murff and Hamiltion, 1993; Pan et al., 2000), the values recommended 
by Broms (1964a, b) are the most widely used in design practice. 
The ultimate lateral resistance for active piles is also commonly utilized for passive 
piles (e.g. Poulos, 1973; Goh et al., 1997). However, some researchers suggested lower 
values for passive piles (e.g. Viggiani, 1981; Maugeri et al., 1994; Chen and Poulos, 
1994; Leung et al., 2006). For example, based on back-analysis of case histories of 
piles to stabilize landslides, Viggiani (1981) proposed that the ultimate soil pressure 
ranged from 3.1 to 4.3 cu for the sliding soil and 7.2 cu for the stable soil. Most recently, 
from the back-analysis of centrifuge tests on piles behind a collapsed retaining wall 
due to excavation, Leung et al. (2006) established that the ultimate soil pressure could 
reach as low as 6 cu, which could be attributed to the reduction in soil strength behind 
the collapsed retaining wall. 
2.4 Effect of Vertical Loading on Piles 
The following sub-sections would review the passive loading on piles generated by 
downward and upward soil movements. 
2.4.1 Pile subjected to downward soil movement 
Instead of supporting the structure, the downward soil movement will drag down the 
pile and induce additional compressive force on the pile. It is common when a pile is 
installed in a consolidating soil, such as soil reconsolidation after pile driving (e.g. 
Fellenius, 1972), lowering of water level (e.g. Endo, 1969; Lee et al., 1998) and soil 
subjected to surcharge loading (e.g. Johanessan and Bjerrum, 1965; Indraratna et al., 
1992; Leung et al., 2004). Shen (2008) has carried out centrifuge tests to investigate 
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the combined effects of the above three factors. 
According to Leung et al. (2004), the load transfer along the pile shaft due to applied 
load at the pile head and the subsequent development of downdrag loads along the pile 
shaft can be treated independently and the summation of these two equals to the 
overall axial load distribution. This was verified by Shen (2008), as shown in Figure 
2.26 for an end-bearing pile installed in soft clay. 
Comparing the downdrag load along the pile shaft between the end-bearing pile 
(Figure 2.26(b)) and socketed pile (Figure 2.27), Shen (2008) concluded that the 
socketed pile develops a smaller downdrag load but a larger pile settlement. The 
neutral point of the socketed pile, i.e. the location where the load on the pile is the 
maximum, is about 90% depth of settling soils, higher than that of an end-bearing pile 
which is nearly at the pile tip. 
Effective stress approach (also called β  method) is always employed to estimate 
negative skin friction. This method relates the negative skin friction mobilized along 
the pile shaft to the effective overburden stress in the soil, namely 'vf βσ= , where 
β  is an empirical factor and 'vσ  is the effective overburden stress. Both Leung et al. 
(2004) and Shen (2008) reported that in soft clay, the downdrag load can be well fitted 
with a β  value of 0.24 to 0.25 except near the neutral point, as denoted in Figures 
2.26(b) and 2.27. 
2.4.2 Pile subjected to upward soil movement 
Tensile forces can be generated in pile due to upward soil movements, which occur 
most commonly in swelling ground (e.g. Bhandari et al., 1987; Crilly and Driscoll, 
2000). According to Lee et al. (2001), the induced tensile force may cause a pile to 
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crack or to heave significantly and thus the pile performance can be affected. A typical 
tensile force profile can be seen in Figure 2.28, with the induced upward and 
downward shaft friction distributed along the upper and lower part of the pile, 
respectively. 
Crilly and Driscoll (2000) suggested that the generation of tensile force is a gradual 
failure process, since in most swelling clays the heave takes place slowly from the 
ground surface. They illustrated through the development of shear stresses and total 
uplift load along the pile shaft as the ground rehydrated from the top down shown in 
Figure 2.29. At any depth except near the ground surface, the shear stress was at first 
downward to be the reaction to the uplift above that depth. After the ‘wetting front” 
reached that level, the shear stress gradually changed from downward to upward. Since 
the peak shear stresses at each depth occurred at different times, the total uplift load 
(the bottom plot in Figure 2.29) was less than the integration of peak shear stresses 
down the length of the pile. Crilly and Driscoll (2000) finally concluded that the most 
adverse conditions would not all act on the pile shaft at the same time. 
Ekshtein (1978) observed from field tests on pile in swelling clay that the uplift of both 
pile groups and single piles were proportional to their embedded length (see Figure 
2.30). The uplift displacement was smaller with a longer pile length and the difference 
of the uplifts between single pile and pile group decreased with an increase in pile 
length. 
Poulos and Davis (1980) pioneered the theoretical work with elastic analysis to predict 
the tensile force, considering the pile-soil interface slip. O’Reilly and Al-Tabbaa (1990) 
suggested a simple one-dimensional procedure for calculating tensile force in single 
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pile and pile groups. Both of these methods gave a reasonable prediction (see Figure 
2.28). Al-Tabbaa (1994) and Lee et al. (2001) also conducted finite element analysis to 
evaluate the tensile force. 
Though these theoretical studies work quite well, Crilly and Driscoll (2000) pointed 
out that there is no recognized design guidance for piles in swelling clays. The current 
design method is still based on the design procedures employed for piles supporting 
compressive loads. Lee et al. (2001) compared β  method with finite element analysis 
and concluded that the tensile force calculated by β  method overestimates the tensile 
force near the neutral point. 
The pile cracking and excessive upward pile movement due to tensile force generally 
occurs before the imposition of applied loads from upside structures or other sources 
(O’Reilly and Al-Tabbaa, 1990). They also found that the external load applied on the 
pile head could help reduce the tensile force as elaborated in Figure 2.31. Using finite 
element method, Lee et al. (2001) estimated that about 2500 kN axial load was needed 
to completely overcome a 1700 kN tensile force. In the case of jacket platform, the 
load on pile transferred from upside structure is usually significantly great so that the 
tensile force may not take place. 
2.4.3 Interaction between lateral and vertical loading on piles 
The above research on single pile analysis de-coupled loading in two dimensions, 
without considering the interaction between lateral and vertical loadings on piles. Up 
to now, there is very limited research related to this interaction problem. 
As shown in Figure 2.25, Broms (1964a) pointed out that there was upward soil 
movement near the ground surface in front of a laterally loaded pile. Experimental 
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study on combined vertical and lateral loading on piles in clay by Anagnostopoulos 
and Georgiadis (1993) revealed that the resultant upward skin friction might cause a 
reduction in the compressive force along the uppermost pile segment with a length of 5 
pile diameters, as shown in Figure 2.32. Anagnostopoulos and Georgiadis (1993) also 
found that pile settlement increased once a greater lateral load was applied. The 
authors further stated that the increase in pile settlement could not be simply attributed 
to the modified axial stresses and could be caused by the local plastic points created in 
the soil continuum due to the combined axial and lateral loading. However, the latter 
could not be accounted for by the conventional elastic half space and nonlinear 
subgrade reaction methods of pile analysis. 
With respect to lateral soil movements, Chen et al. (2002) concluded through their 
experimental study on piles in sand that the shaft resistances as well as the pile bearing 
capacity increased due to increase in stresses between the pile and soil due to lateral 
soil movements. 
2.5 Effect of Spudcan on Adjacent Piles 
With increasing numbers of jack-ups being deployed and worked with permanent piled 
jacket platform since 1980s, related research studies were initiated due to the necessity 
for engineers to better understand the interaction between foundations of these two 
platforms. 
Chow (1987) listed the possible problems relevant to the interactions among 
foundations of jack-up rigs and jacket platforms, including spudcans interaction, piles 
interaction and spudcan-pile interaction and stressed that spudcan-pile interaction is 
the most important. Lyons and Willson (1985) proposed that the main factors 
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contributing to the effect of spudcan on piles are: 1) soil movements induced by 
spudcan installation; 2) changes in soil stress and strain due to variable loads on 
spudcan; 3) spudcan sliding into close footprints; and 4) scour around spudcan. 
Mirza et al. (1988) sketched the potential soil loading effects on a jacket in Figure 2.33 
and stressed that the danger comes from not only damage on the pile, but also the 
potential great stress set up in lower bracings transmitted from pile through the pile 
head connections. They also briefly stated some possible loading effects, including 
superposition of 3-legged spudcans, cyclic loading and pile groups interactions. In 
particular, they hypothesized that a pile would move backwards during spudcan 
extraction and a subsequent gap around the pile side might reduce both axial and 
lateral load transfer to the soil. Owing to lack of experimental data and difficulties in 
numerical simulations, Mirza et al. (1988) did not present detailed analysis and 
guidance for the above postulations. All these aspects need further evaluations. 
Up to now, both numerical and experimental studies have been attempted to examine 
these effects. These studies are summarized in Table 2.2, and each aspect related to 
spudcan penetration, spudcan operation, spudcan extraction and post-spudcan 
extraction will be reviewed in sequence. The spudcan penetration can be typically 
classified into resting on the surface of stiff soils and penetrating deeply in soft soils to 
achieve enough bearing resistance. 
It should be noted that many literatures did not state clearly the definition of “distance” 
or “spacing”. It might be the distance either between spudcan edge and pile edge or 
between spudcan edge and pile center. In the following sections, if the literature 
clearly defined the distance as the one between spudcan edge and pile edge, the 
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distance is termed “clearance”. On the other hand, if there is no description on this 
distance, it is generally termed “distance”.   
2.5.1 Spudcan resting on soil surface 
In stiff soils such as stiff clay and dense sand, the spudcan penetration is expected to be 
shallow and the soil deformation is hence relatively small. As such, a spudcan is 
always treated as a shallow foundation and modeled as a footing resting on the soil 
surface. For simplification, the spudcan is replaced by applying anticipated vertical 
loads on the soil surface. The analysis is usually de-coupled into firstly evaluating the 
soil deformation in the adjacent field around the spudcan and secondly examining the 
effect of soil deformation on the adjacent pile. Mirza et al. (1988) pointed out that the 
effect of surface footings might be determined using established elastic solutions, but it 
was often difficult to evaluate an appropriate soil modulus due to anisotropy, 
non-homogeneity and inelastic response. 
Lyons and Willson (1985) employed finite element modeling to estimate the soil 
movements induced by vertical loadings on soil surface and these loadings were to 
simulate the operational and storm conditions. The estimated soil displacements were 
then input into the beam-column model to determine the additional stresses on pile. 
Soil profiles consisting of dense sand incorporating a clay layer, and dense sand alone 
were analyzed. The results showed that for a pile with a vertical load of 13.3 MN at the 
pile head and positioned at a distance of 0.3D away from the spudcan edge (D is 
spudcan diamemter), the axial pile displacement increased by approximately 12% for 
both soil profiles, whereas the pile ultimate capacities were not affected by the spudcan 
(see for example Figure 2.34). The bending stress increased by 10% and 1% for the 
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layered profile and single sand profile, respectively (see for example Figure 2.35). 
For spudcan installed in a homogeneous and isotropic elastic half-space, Chow (1987) 
utilized the concept of flexibility, evolved from Mindlin’s solutions for point load 
within an elastic half-space, to evaluate the deformations of adjacent piles. While for 
spudcan in non-homogeneous soil medium, finite element method was employed. 
Many factors have been considered; these include 1) vertical and lateral loads 
respectively on vertical and lateral pile responses; 2) pile sections; 3) distance between 
piles and spudcan; and 4) soil layers with different stiffness. The piles were assumed to 
be vertical and the pile heads were restrained against rotation by the legs of the 
platform. Both the behaviors of the soil beneath spudcan and pile were assumed to be 
linear elastic. Pile load transfer curves such as yp −  curves and zt −  curves were 
subsequently utilized for the nonlinear analysis of the pile responses including lateral 
and axial behaviors which were assumed to be uncoupled. 
Chow (1987) found that the influence of horizontal spudcan load on the vertical 
deformation of pile might be assumed to be negligible for the majority of the cases. 
However, the horizontal deformations of the pile could be of comparable magnitude 
under practical horizontal and vertical footing load magnitudes. Chow (1987) 
concluded that the effect of interaction was more significant for pile settlement than for 
horizontal deformation. The increase in the axial load would not cause any problems, 
since this was less than the loads carried by the pile head. The increase in the bending 
moment due to horizontal footing load was negligible, while the vertical footing load 
could cause a reduction in the bending moment at the pile heads. The findings from 
Chow (1987) were similar to Lyons and Willson (1985), but further extended to more 
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complicated combined loading conditions. 
It should be noted that these numerical studies did not have any experimental data to 
support. 
2.5.2 Spudcan penetrating deeply in soil 
When a spudcan penetrates deeply in soft soils, the soil deformation becomes 
significant. Mirza et al. (1988) and Le Tirant and Pérol (1993) pointed out that the 
difficulties in evaluating pile responses are mainly from the estimation of soil 
displacement due to spudcan penetration, while the subsequent calculation of pile 
responses with beam-column model is well-established. Meanwhile, centrifuge 
technology developed quickly in 1990s and its advantage of simulating the realistic 
soil stress state facilitated the prediction of pile responses in small scale testing. The 
centrifuge modeling technique will be introduced in Chapter 3. 
2.5.2.1 Experimental studies 
Siciliano et al. (1990) carried out one centrifuge test in normally consolidated clay 
using model spudcan and instrumented piles. The elevation view and layout of 
spudcan-pile relative positions are shown in Figure 2.36. The closest pile had a pinned 
head condition, while the other two piles were fixed at the pile head. The soil had a 
shear strength of 9 kPa at the surface and increased by 1.4 kPa per meter soil depth. 
During spudcan penetration, both negative bending moment at pile head and positive 
bending moment along the pile shaft increased, as indicated in Figure 2.37. Siciliano et 
al. (1990) observed that for the pinned head pile at 0.25D from spudcan edge, the pin 
still provided some resistance to rotation and thus large bending moments were also 
induced at the pile head. It was also interesting to find that with the same pile head 
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condition, i.e. fixed head, the induced bending moment for the pile at 0.5D was smaller 
than that at 1D for all spudcan penetration depths. However, the authors did neither 
make further comparisons nor explain on this. 
Using the yp −  curves modified from Matlock (1970), the soil displacements were 
derived by giving the best fit to the measured bending moment profiles (see Figure 
2.7). Siciliano et al. (1990) claimed that the calculated soil displacements of less than 
120 mm were much smaller than expected because there was a “limited failure region” 
and the soil flowed back above the spudcan rather than being pushed laterally. The soil 
displacement could extend to as far as 0.5D below spudcan, and the elevation of the 
maximum displacement was approximately equivalent to that of the penetrating 
spudcan. Siciliano et al. (1990) subsequently generalized the soil displacement with a 
four parameter model but still mentioned that this model needed to be verified to other 
soil conditions. The results were presented in terms of normalized maximum soil 
displacements and normalized mudline soil displacements at various levels of spudcan 
penetration and increasing distance from the spudcan edge. A simple bending moment 
envelope was also proposed for pile design. 
Craig (1998) conducted centrifuge tests at 100g to study the effect of both spudcan 
installation and extraction on adjacent fixed-headed piles in sand overlying clay. The 
sketch of his experimental program is shown in Figure 2.38. The spudcan had a 
diameter of D = 14 m and was penetrated 1.1D into the soil. Piles with embedded 
length of 34 m were installed with fixed heads at 14.5 m above the mudline. The 
loading sequence simulated cyclic loading till reaching the preloading, and subsequent 
spudcan extraction. The time-histories of spudcan penetration and load are shown in 
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Figure 2.39. 
The pile bending moments were recorded by strain gauges instrumented along the pile 
as indicated in Figure 2.38. Figure 2.40 shows the reading history of a single strain 
gauge positioned at 0.14D beneath the soil surface and a series of envelopes 
corresponding to the maximum compressive footing load, no footing load and 
maximum tensile extraction load. The maximum positive bending moments induced 
during spudcan penetration and the maximum negative bending moments during 
spudcan extraction were found to be comparable. The bending moment distributions 
along the pile at selected stages are shown in Figure 2.41. Craig (1998) concluded that 
a greater moment would be associated with greater loads and penetrations, and the 
preload would likely to be the critical situation since it would cause the maximum soil 
movement. However, contrary to this statement, it was evident from Figure 2.41(a) that 
the maximum bending moments at a spudcan penetration depth of 50 mm in model 
scale was greater than those at 150 mm. Furthermore, since there were only 4 pairs of 
strain gauges at the upper soil levels, the bending moment profile was not complete, 
and hence any conclusions based on these limited number of readings should be 
carefully handled. 
Wu et al. (2008) carried out 1-g small scale experiments to assess the effect of spudcan 
penetration on pile head deflection in sand. The influence zone extended to half 
spudcan diameter from spudcan edge. The vertical pile head deflection increased with 
a greater spudcan penetration depth, a lower sand density, and a closer spudcan-pile 
distance. The results also showed that with the increase of spudcan diameter and 
velocity of spudcan penetration, the deflection of pile head increased quicker at the 
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initial stage and the rate of increase reduced afterwards before reaching its maximum 
at a certain deep penetration depth. Although Wu et al. (2008) conducted a 
comprehensive parametric study, the results might not be applicable to prototype 
situation. This is because the sand strength is greatly dependent on the stress level 
which can not be duplicated in 1-g model tests. Thus, the spudcan and pile under such 
a 1-g small scale model did not encounter the realistic soil resistance as in the field. 
2.5.2.2 Numerical studies 
Mirza et al. (1988) and Le Tirant and Pérol (1993) stated the difficulties and 
complexities in performing large deformation finite element analysis for engineering 
requirements and proposed an alternative approach to firstly estimate the soil 
displacement by numerical methods and secondly evaluating the pile responses by the 
beam-column model. For the soil displacement, Mirza et al. (1988) pointed out that 
spherical cavity expansion may be used. However, this hypothesis has not yet been 
verified. Since this method could not consider the effect of soil backflow around 
spudcan (see for example Figure 2.9), it would tend to overestimate the soil 
movements. 
Most recently, Tan et al. (2006) conducted finite element analysis to evaluate the effect 
of spudcan penetration on the pile yp −  curves. The cap model was chosen as the 
soil failure model. Load control was used to push a 16.46-m diameter spudcan 7 m into 
a stratified soil with 16 layers, and a fixed-headed pile located at 8.77 m from spudcan 
edge was evaluated. The soil deformation and stress in pile are shown in Figures 
2.42(a) and (b), respectively. Tan et al. (2006) found that the soil deformation was 
minor near the pile and the maximum pile bending stress of about 110 MPa was much 
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smaller than the yield stress of 355 MPa. After the spudcan penetrated 7 m, the 
restraint at pile head was removed and pile head was laterally-loaded to examine the 
change in yp −  curves, as shown in Figure 2.43. The results indicated that the 
bending capacity at each soil depth generally increased by 2% to 10% and there were 
almost no change at beyond 25 m depth. Tan et al. (2006) concluded that both the 
foundation bearing capacity and pile were not significantly affected. This study only 
examined a shallow spudcan penetration and cavity was maintained well without any 
back-flow above the spudcan. A deeper penetration which often occurs in soft clay 
might cause soil back flow which is the major difficulty in numerical simulation. 
Furthermore, this study did not examine the soil flow pattern around the spudcan and 
the progressive development of the pile responses. As such, the understanding of the 
whole process of spudcan penetration was limited. 
Most importantly, these numerical studies did not have any experimental data to verify 
and their rationalities are hence in doubt. 
2.5.3 Spudcan operation 
During spudcan operation, the pile is subjected to both loads from spudcan and 
environmental/storm loads. For spudcan resting on stiff soil, the method proposed by 
Lyons and Willson (1985) and Chow (1987) introduced in Section 2.5.1 can also be 
utilized to evaluate the pile performance under such loading conditions. Chow (1987) 
further suggested that the method utilized for surface footing could also be applied to 
deeply embedded footing with a correction factor to account for the embedment. 
Liu et al. (2003) conducted finite element analysis using ABAQUS to examine an 
8.23-m radius spudcan loaded at 7 m depth of a 14-layer stratified soil, with a 66-m 
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steel pile located 7.4 m from the spudcan edge. For simplification, they replaced the 
spudcan with a uniform pressure of about 250 kPa within the spudcan area, and the 
pile was a free-headed pile without any load at the pile head. From the changed yp −  
and zt −  curves, Liu et al. (2003) found that the lateral and vertical capacity would 
reduce by 10% and 1% respectively, and concluded that the spudcan would not affect 
the pile performance. 
Overall, based on these studies, the spudcan operation may not cause significant 
additional stress on pile and affect pile working condition. However, since the spudcan 
penetration was not simulated, the analysis of the spudcan operation did not consider 
both the soil disturbance and lock-in bending moments induced by spudcan penetration 
especially when a spudcan penetrated deeply into the soil. As such, a complete 
simulation of both spudcan penetration and operation is necessary to obtain the rational 
pile responses. 
2.5.4 Spudcan extraction and post-spudcan extraction 
With the exception of Craig (1998) as introduced in Section 2.5.2.1, apparently no 
other published studies on the effect of spudcan extraction are reported. The following 
reviews are most relevant to the stage of post-spudcan extraction. 
Rapoport and Young (1987) examined the effect of soil disturbance on axial and lateral 
pile capacity based on the variation in soil strength after spudcan extraction. The 
footprint was observed to extend to twice the spudcan diameter. Figure 2.44(a) shows 
that the shear strength inside a footprint had a significant reduction even beyond the 
maximum spudcan penetration depth. The estimated pile deflection by laterally loading 
analysis was observed to be multiplied by 2 or 3 times and the bending moments 
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increased by 50%, as denoted in Figure 2.44(b). 
Undrained shear strengths were also measured by Siciliano et al. (1990) at different 
distances from the spudcan after their centrifuge tests shown in Figure 2.45. The 
comparison showed that the maximum influence zone was smaller than 0.5 spudcan 
diameter from the spudcan edge. However, the disturbed shear strengths after spudcan 
extraction were measured at 1-g, which are usually 30% smaller than those at 100-g 
(Leung et al., 2004). 
Stewart (2005) carried out a series of centrifuge tests to investigate the responses of 
free-head pile under lateral loading at the pile head after spudcan extraction. Both the 
slightly overconsolidated soft clay with a strength approximately represented by 
(8+1.8 kPa/m) and the NC soft clay overlain by a thin cemented clay crust were 
examined. T-bar tests were conducted after spudcan extraction to measure the reduced 
shear strength as shown in Figure 2.46. Stewart (2005) found that the heavily remolded 
zone was within 0.25D from spudcan edge, while the less influenced zone extended to 
1D or 1.5D from spudcan edge. Beyond 1.5D, no severe remolding was detected. 
Lateral loading was subsequently applied at the pile head, and the load-deflection 
responses were compared with that in undisturbed clay in Figure 2.47. At spudcan-pile 
clearances (i.e. distances between spudcan edge and pile edge) of 0.25D and 1D, the 
pile head stiffness reduced to around (60%-75%) and (80%-90%) of the undisturbed 
value, respectively. Lateral soil resistances at each soil depth were then derived by 
double differentiation from the fitted curves of bending moment profiles, and limit 
pressures at different spudcan-pile clearances were compared in Figure 2.48. It is 
evident that the limit pressure decreased with a smaller spudcan-pile clearance and 
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could reach as low as 40% of the undisturbed values at the shortest clearance of 0.25D. 
It was also argued that for a given applied lateral load, the maximum bending moment 
measured after spudcan extraction was slightly greater compared with that in 
undisturbed soil, because a weaker remolded soil provided less resistance to pile 
movement near the surface and hence caused an increase in bending moment at greater 
depths. 
2.5.5 SNAME (2002) 
The SNAME (2002) guidelines stated that the lateral soil displacement depended on 
the spudcan-pile distance, spudcan diameter and penetration depth. If the foundation 
materials consisted of a deep layer of homogeneous firm to stiff clay or sand and if the 
distance between spudcan and pile was greater than 1D, no significant additional stress 
was expected. When the distance was less than 1D, analysis was recommended to be 
performed to evaluate the contribution of spudcan to the stresses induced on the 
adjacent pile foundation. For spudcan embedded deeply in soft clays, the 
Commentaries to SNAME (2002) suggested that Siciliano et al. (1990) could be used 
as the reference. However, the basis for these statements in SNAME (2002) was 
unclear and no references except Siciliano et al. (1990) were mentioned in this 
guideline. 
2.6 Effect of Pile on Adjacent Piles 
Pile installation is expected to display some similarities with spudcan installation. 
Figures 2.9 and 2.10 indicate that during pile installation, the soil in the adjacent field 
moves both outwards and upwards. As a result, the adjacent pile is pushed away from 
the installed pile (e.g. Bell et al., 1984), and heaves (e.g. Cole, 1972; Cooke et al., 
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1979). 
Poulos (1994) used cylindrical cavity expansion theory to estimate the radial soil 
displacement induced by pile installation and boundary element method to evaluate the 
corresponding bending moment distribution of a pile with its head restrained against 
translational movement. The horizontal soil movements and bending moment 
distributions for piles in clay are shown in Figures 2.49 and 2.50, respectively. As the 
pile penetrated deeper and the corresponding horizontal soil movements at the lower 
part of the pile increased, the shape of bending moment distribution tended to change 
progressively, and the maximum bending moments decreased till the end of pile 
installation. The calculated lateral pile head deflection agreed well with that proposed 
by Bell et al. (1984). 
Chow and Teh (1990) and Poulos (1994) calculated vertical soil displacement with the 
modified strain path method. However, at the initial pile installation, Chow and Teh 
(1990) observed upward soil movement, whereas Poulos (1994) noted downward soil 
movement. Sagaseta and Whittle (1996) further improved Poulos (1994)’s method by 
considering the stress-free ground surface shown in Figure 2.51. After adjustment, the 
estimated vertical soil displacement was similar to that by Chow and Teh (1990). In his 
reply to Sagaseta and Whittle (1996), Poulos (1996) calculated the distributions of 
axial force with boundary element method based on the improved vertical soil 
displacement profile according to the formers’ suggestion (see Figure 2.52). Their 
results showed that tensile force was dominant during pile installation. 
Most recently, Yang et al. (2006) measured the axial force distribution along the pile 
during adjacent pile jacked in a dense sandy soil shown in Figure 2.53. The axial force 
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distributions were similar to those estimated by Poulos (1996), as denoted by dashed 
lines in Figure 2.52. The peak tensile stress moved down during pile installation and 
the corresponding elevation was always 1 to 2 m below the level of the penetrating pile 
tip. As pointed out by Yang et al. (2006), the induced pile tensile force was beneficial, 
consistent with the statement by Crilly and Driscoll (2000) related with lightly loaded 
piles in swelling ground. 
2.7 Summary 
It has been illustrated from the above literature review that spudcan installation and 
extraction can induce great soil movement in the adjacent field and cause considerable 
stresses on adjacent pile foundations. If the piles have not been designed to withstand 
these stresses, the structural integrity of the piles may be threatened. The effect of both 
lateral and vertical soil movements on pile responses has been extensively studied. 
However, in the aspect of spudcan-soil-pile interaction, the research is still rather 
limited so far. 
For spudcan resting on stiff soils, the spudcan penetration and operation were 
simulated by applying working load on the soil surface at the proposed spudcan 
position. The pile responses were then estimated by firstly calculating the soil 
displacements using numerical methods and secondly evaluating pile responses using 
the beam-column model. However, the results showed that the pile performance was 
not heavily affected, probably because the induced soil movements were small. 
For spudcan penetrating deeply in soft soils, due to the difficulty in performing large 
deformation finite element analysis, centrifuge modeling is commonly employed to 
handle this problem because of its advantage of simulating the realistic stress state. 
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Soil flow patterns around spudcan penetration have been well revealed in soft clay, 
with a transition from general bearing capacity failure mechanism at shallow 
penetration depth to localized failure mechanism at great penetration depth. With 
regard to pile responses, the centrifuge studies presented valuable data on bending 
moment induced on the piles during spudcan penetration and extraction. Besides pile 
lateral responses, the axial responses are also important but these data are lacking in 
the early studies. Furthermore, these studies are rather limited and too specific without 
a systematic and comprehensive understanding of this interaction problem. 
In addition, the contributing factors to the pile responses have not been revealed, 
especially the spudcan-pile clearance as highlighted by SNAME (2002). However, 
from the above literature review, no studies have paid much attention to this effect. 
The most relevant research by Siciliano et al. (1990) studied piles at different distances 
but with different head conditions and thus incommensurable. Therefore, the effect of 
spudcan-pile clearance for a given pile head condition is still unclear. 
The soil squeezing as the spudcan approaches the underlying stiff soil has been widely 
investigated in the aspect of bearing capacity as listed in Table 2.1. However, the soil 
flow mechanism in such a soft overlying stiff soil profile has not been well 
investigated yet. Furthermore, it is unknown whether the soil squeezing effect will 
enlarge the soil movement and subsequently cause additional stresses on piles in the 
adjacent field. 
In view of the above issues, several series of centrifuge model studies have been 
conducted at the National University of Singapore to evaluate the lateral and axial pile 
responses as well as to reveal the soil flow mechanism during spudcan penetration and 
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extraction. These would provide meaningful database for offshore engineers involved 
in spudcan-pile interaction. 




Table 2.1. Summary on the limiting clearance between footing and underlying stiff 
layer when the underlying layer takes effect. 
 
Method Reference Soil profile H/D 
Limiting 
analysis 
Meyerhof and Chaplin 
(1953) 
Weak soil overlying 
rigid bottom 1/3 
Limiting 
analysis Mandel and Salencon (1969)
Weak soil overlying 
rigid bottom 2/2  
Limiting 
analysis Vesic (1975)









Schanz and Gussmann 
(1995) 





Merifield et al. (1999) Soft overlying strong clay 1/2 
Experiment Brown and Meyerhof (1969) Soft overlying stiff clay 2/3 
Experiment Meyerhof and Sastry (1978) Soft clay overlying sand 1 
Experiment Meyerhof and Hanna (1978) Weak overlying strong soil 1 
 
Note: H is the clearance between footing and underlying rigid stratum; 
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Table 2.2. Summary of literatures on spudcan-pile interaction. 
 
Stages Literature Surface/deep penetration Soil profile Method Remarks 
Guideline SNAME (2002)    Only spudcan penetration 
General 
review 
Mirza et al. (1988),  Le 
Tirant and Pérol (1993)    
Hypothesis on method, but 
no detailed analysis 
Lyons and Willson 
(1985) Surface 
Dense sand, 
clay/sand FEM plus beam-column model  
Chow (1987) Surface Stiff soil Concept of flexibility or FEM plus beam-column model  
Siciliano et al. (1990) Deep NC soft clay Centrifuge (100-g) test  
Craig (1998) Deep Sand overlying clay Centrifuge (100-g) test  
Wu et al. (2008) Deep Sand 1-g model test  
Spudcan 
penetration
Tan et al. (2006) Deep Stratified soil with 16 layers FEM  
Lyons and Willson 
(1985) Surface Same as that used during spudcan penetration  
Chow (1987) Both Same as that used during spudcan penetration  Spudcan operation 
Liu et al. (2003) Deep Stratified soil with 14 layers FEM  
Spudcan 
extraction Craig (1998) Deep Same as that used during spudcan penetration  
Rapoport and Young 
(1987) Deep NC clay Field study  Post-spudcan extraction 
Stewart (2005) Deep NC soft clay Centrifuge (190-g) test  




Figure 2.1. Typical stress field for shallow and deep foundations in clay 






      (a)          (b) 
 
 
Figure 2.2. Soil movement trajectories at a shallow spudcan penetraton in soft clay. (a) 
from centrifuge test at 50g (at d/D = 0.20) (axes in mm: model scale); (b) from large 






D = 60 mm 
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      (a)          (b) 
 
Figure 2.3. Soil movement trajectories at a deep spudcan penetration in soft clay. (a) 
from centrifuge test at 50g (at d/D = 1.40). (axes in mm: model scale); (b) from large 








Figure 2.4. Total vertical and pore pressures at spudcan base during spudcan 




D = 60 mm 




Figure 2.5. Relevance of laboratory shear tests to shear strength in the field 











Figure 2.6. Section through model in uniform clay taken after spudcan penetration at 
d/D = 1.6 (after Craig and Chua, 1991). 
(0.2D) (0.38D) 
(away from spudcan edge) 
d 
D
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Figure 2.7. Development of lateral soil displacement at 0.5D away from spudcan edge 
during spudcan penetration in soft clay. (after Siciliano et al., 1990). 
 
    (a) lateral displacement  (b) vertical displacement 
Figure 2.8. Clay deformation pattern at pile penetration depth of L/R = 10 (L is pile 
penetration depth, R is pile radius) (after Sagaseta and Whittle, 2001). 
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    (a) r/R = 2      (b) r/R = 4    (c) r/R = 7 
 
Figure 2.9. Measued lateral displacements during pile penetration in soft clay (L is pile 
penetration depth, R is pile radius, r is radial distance from pile centerline) 





Figure 2.10. Calculated vertical clay movement sz at S/do = 3 (S is radial distance from 
pile centerline, do is pile diameter, Lo is pile penetration depth) 
(after Chow and Teh, 1990). 
Positive denotes upward 
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Figure 2.11. Schematic of cone, T-bar and ball penetrometers 
(after Randolph et al., 2000). 
 
 
Figure 2.12. Plastic zones and contact pressure for perfectly rough footing on layer 
with perfectly rough base (after Meyerhof and Chaplin, 1953). 
 
 
      
Figure 2.13. Displacements and stress distribution diagram in stratified subsoil 




































































Figure 2.15. Development of stresses at spudcan base during spudcan extraction in soft 






Figure 2.16. Total vertical and pore pressure responses at spudcan top during spudcan 





At 1 m upward 
displacement 







Figure 2.17. Summary of average total pore pressure development at spudcan base for 








Figure 2.18. Summary of pore pressure development at spudcan base for different 





= preload ratio 





Figure 2.19. Schemetic program for a pile stabilizing an unstable slope 






Figure 2.20. Model of laterally loaded pile for “ yp − ” analysis 
(modified from Reese and Wang, 2006). 
y 





Figure 2.21. Distribution of front earth pressure and side friction around pile subject to 







Figure 2.22. 3-D X-ray CT images and failure pattern for laterally loaded piles in sand 









Figure 2.23. Effect of socket length on the lateral pile head deflection 






Figure 2.24. Typical distributions of deflection, bending moment and distributed load 
















        (a)        (b)       (c) 
 
Figure 2.26. Superposition: (a) Load transfer after pile installation; (b) Induced 
downdrag loads during soil re-consolidation; (c) Overall axial load distribution along 
pile shaft (after Shen, 2008). 
)24.0( =β
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Figure 2.27. Mobilization of downdrag loads along pile shaft during soil 




Figure 2.28. Typical tensile force profile along pile in swelling ground 
(after O’Reilly and Al-Tabbaa, 1990). 
O’Reilly and Al-Tabbaa (1990) (theoretical solution) 
)24.0( =β
(theoretical solution) 
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Figure 2.29. Development of shear stresses and load on pile with time 




Figure 2.30. Uplift of pile groups and single piles as a function of their length 









Figure 2.31. Limiting tension profiles for piles with and without externally applied 





Figure 2.32. Axial force and skin friction along pile when subjected to combined 
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Figure 2.33. Potential soil loading effects on jacket (after Mirza et al., 1988). 
 
Figure 2.34. Relationship between pile head axial load and displacement with and 
without spudcan loading (after Lyons and Willson, 1985). 
Pile loading 
Pile & spudcan 
loading 
Dense sand with a clay layer between 
15 ft (4.6 m) and 25 ft (7.6 m) depth; 
Pile length chosen as 120 ft (36.6 m), 
located 0.3D from spudcan edge. 
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Figure 2.35. Comparison of pile bending moment with and without spudcan loading 









Figure 2.36. (a) Elevation view; (b) Layout of instrumented piles relative to spudcan 
(after Siciliano et al., 1990). 
Pile loading 
Pile & spudcan 
loading 
 
320 mm (32 m) 
200 mm (20 m) 
137 mm (13.7 m) 
Dense sand with a clay layer between 
15 ft (4.6 m) and 25 ft (7.6 m) depth; 
Pile length chosen as 120 ft (36.6 m), 
located 0.3D from spudcan edge. 
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Figure 2.37. Bending moment profiles during spudcan penetration 
(after Siciliano et al., 1990). 
(a) 0.25D from spudcan edge (pinned head) 
(b) 0.5D from spudcan edge (fixed head) 
(c) 1D from spudcan edge (fixed head) 
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Figure 2.38. Sketch of the spudcan-pile positions (after Craig, 1998). 
    














Figure 2.40. Development of normalized bending moment at 0.14D soil depth 





Figure 2.41. Pile bending moment distributions for: (a) spudcan penetration; and (b) 
extraction (after Craig, 1998). 
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(a) soil deformation     (b) bending stress contour plot of the pile (unit: MPa) 
 
Figure 2.42. Soil and pile responses at 7 m spudcan penetration (after Tan et al., 2006). 
 
 
(a) 1.4 m below mudline     (b) 8.5 m below mudline 
 
(c) 15.9 m below mudline     (d) 25 m below mudline 
 
Figure 2.43. Comparison of p-y curves at different soil depths at 7 m spudcan 
penetration (after Tan et al., 2006). 
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(a)           (b) 
Figure 2.44. After spudcan extraction (a) reduction in shear strength inside footprint; 
and (b) influence of soil remolding on lateral behavior of single pile 




Figure 2.45. Undrained shear strength profiles after spudcan extraction 
(after Siciliano et al., 1990). 
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Figure 2.46. Undrained shear strength profiles after spudcan extraction 






Figure 2.47. Pile head load-deflection responses in slightly overconsolidated soft clay 
(after Stewart, 2005). 
 
 
base case in undisturbed clay 
Spudcan-pile 
clearance 
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Figure 2.48. Lateral limit pressure at each spudcan-pile clearance normalized by the 








Figure 2.49. Computed horizontal soil movement due to pile installation 
(after Poulos, 1994). 
 




Figure 2.50. Computed bending moment distributions in restrained-head pile due to 






Figure 2.51. Predictions of vertical soil displacement by improved strain path method 
and method of Poulos (1994) (after Sagaseta and Whittle, 1996). 




Figure 2.52. Comparison of axial force distributions induced by installation of adjacent 
pile between improved strain path method and the method of Poulos (1994) 




Using Poulos (1994) 
displacement 
Using Sagaseta & 
Whittle displacement 
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Figure 2.53. Axial stress in pile due to the installation of adjacent pile 
(after Yang et al., 2006). 
76 
CHAPTER 3 
Experimental Setup and Procedures 
 
3.1 Introduction 
This chapter firstly describes the experimental modeling concepts, including centrifuge 
modeling and deformation measurement techniques. The experimental set-up for full 
and half-spudcan tests, instrumentations, ground properties and preparations are 
subsequently presented. Finally, test strategies and procedures are introduced. 
3.2 Experimental Modeling Concepts 
3.2.1 Centrifuge modeling 
3.2.1.1 Why centrifuge? 
In geotechnical engineering, field tests are often costly and time-consuming. As such, 
small-scale model tests are conducted to simulate practical geotechnical problems and 
enhance the basic understanding of the mechanism. However, in 1g model tests (tests 
under unity acceleration of earth’s gravity), the non-linearity and stress-dependent 
behavior of the soil can not be duplicated since the in-situ stresses can not be 
reproduced. 
In the case of spudcan penetration/extraction, 1g tests have several limitations even in 
soft clay. Firstly, during spudcan penetration, the 1g overburden stress level may not 
have enough force to cause the soil to back-flow. Even though it happens at a very 
deep spudcan penetration, the weight of the infilling on spudcan would be negligible 
compared to the vertical capacity (Martin and Houlsby, 2000). By contrast, there is a 
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significant bearing capacity contribution from the overburden soils in the field, and at a 
soft clay site, deep spudcan penetration is usually associated with a substantial amount 
of infilling (Endley et al., 1981; Le Tirant and Pérol, 1993) which will reduce the net 
vertical bearing capacity. Spudcan extraction is also influenced by the infilling on 
spudcan, which is believed to provide a seal which allows the development of transient 
suction at the spudcan base (Purwana, 2007). Secondly, during spudcan extraction, if 
the stress below spudcan is too low which is possible at 1g tests, cavitation may occur 
as the pore pressure would drop significantly below the atmospheric pressure (Thorne 
et al., 2004). The cavitation will limit the breakout force. Finally, since 1g tests will 
affect the backflow around the spudcan, it will also change the soil deformation pattern 
in the adjacent field and further influence the responses of adjacent piles. 
Therefore, in order to simulate a realistic situation, it is essential to simulate the 
prototype soil stress level. This could be achieved with centrifuge modeling which 
allows a small model to simulate the prototype stress levels by subjecting a 1/N scaled 
model in a centrifuge to an enhanced gravitational field N times the earth’s gravity. 
3.2.1.2 Centrifuge scaling relationships and model error 
The scaling relationship between a small-scale model and its prototype can be derived 
either by dimensional analysis or by consideration of the governing equations and 
system mechanics. However, the basic scaling law is derived from the need that 
ensures stress equality between the model and the corresponding prototype. The 
detailed centrifuge scaling relations could be seen in Table 3.1. 
As pointed out by Schofield (1980), the variation of centrifuge radius measured from 
the axis of rotation to the top and bottom of the model creates different g-field along 
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the vertical axis of the sample. The enhanced acceleration field N is given by: 
g
RN
2ω=         (3.1) 
where R  is the centrifuge radius, ω  is angular speed of rotation, and g  is the 
gravitational acceleration. This variation of g level inevitably leads to non-linear 
vertical stress distribution. However, this error can be reduced by selecting the 
appropriate effective centrifuge radius eR . According to Taylor (1995), by adopting 
the effective radius equals to the distance from the axis of rotation to one-third of the 
sample, the maximum error is minimized to less than 5% provided that the ratio of 
sample thickness mH  to effective radius eR  does not exceed 0.1. If em RH /  is 
more than 0.1, Cooke (1991) proposed a new definition of Re by stating that “the 
absolute value of the maximum error in the model is, therefore, the one that results in 
the maximum understress and overstress errors being equal in magnitude”. The 
corresponding equation is given as follows: 
( ) mBe HRR 22 −−=                (3.2) 
where BR  is the centrifuge radius from the axis of rotation to the base of the sample. 
The Re obtained through this new definition produces a minor error even though the 
ratio of em RH /  is larger than 0.2. 
3.2.1.3 NUS Geotechnical Centrifuge 
All the centrifuge experiments in the present study were carried out on the NUS 
Geotechnical Centrifuge shown in Figure 3.1. This 2-m radius centrifuge has a payload 
capacity of 40 g-tonnes and can spin up to a maximum acceleration of 200g. The 
maximum height of the model package is 1290 mm and the working area of the swing 
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platform is 750 mm × 700 mm. There are a total of 100 tracks of silver-graphite 
electrical slip rings available for transmitting power and signals between the centrifuge 
and the control room. A twin-passage Deublin Hydraulic Union is placed above the 
slip rings providing a maximum operating pressure of 1000 psi (around 6.9 MPa) for 
delivering hydraulic pressure to the test model for relevant hydraulic servo-controls. 
Since the arm of the NUS beam type centrifuge is relatively short with a ratio 
1.0/ >em RH . Eq. 3.2 is therefore used in determining the effective radius of the 
present centrifuge model. 
3.2.2 Deformation measurement technique 
Many deformation measurement techniques have been utilized for research studies and 
among them Particle Image Velocimetry (PIV) analysis is most widely used in 
geotechnical engineering in recent years due to its high accuracy and precision. This 
analysis was originally developed for fluid mechanics studies by Adrian (1991), and 
subsequently applied to geotechnical engineering by White and Take (2002). 
PIV is a procedure to measure movement and its principles are illustrated in Figure 3.2. 
PIV operates by tracking the texture (i.e. the spatial variation of brightness) within an 
image of soil through a series of images. The initial image is divided into a mesh of 
PIV test patches. To find the displaced location of a patch in a subsequent image, this 
single patch located at coordinates (u1, v1) in image 1 is considered in the following 
operations: 
1. The correlation between the patch extracted from image 1 (time = t1) and a larger 
patch from the same part of image 2 (time = t2) is evaluated; 
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2. When the location of the highest correlation is found, it indicates the displaced 
position of the patch (u2, v2), in which the location of the correlation peak is 
established to a sub-pixel precision by fitting a bicubic interpolation around the 
highest integer peak; 
3. This operation is repeated for the entire mesh of patches within the image, and then 
repeated for each image within the series to produce complete trajectories of each 
test patch. 
The GeoPIV software, which implements the principles of PIV, is programmed using 
MatLab by White and Take (2002). The soil movement trajectories calculated from 
PIV analysis are essentially the displacements in terms of pixels on the image, which 
require the conversion to object-space, e.g. in mm or cm unit. Rather than a single 
scaling factor, an accurate conversion needs the consideration of image distortion 
which is varied throughout the image. The image distortion is mainly caused by 
non-coplanarity, radial and tangential lens distortion, CCD non-squareness and 
refraction through transparent window (White, 2002). 
To account for this image distortion, camera calibration programmed by White and 
Take (2002) based on the principles of close-range photogrammetry (Heikkila, 2000) 
can be adopted to obtain the scaling factor for each patch. Several calibration markers 
on the target surface are necessary as the reference points for this program and their 
coordinates in both object and image spaces should be firstly calibrated. 
3.3 Experimental Set-Up (Full-Spudcan Test) 
All the centrifuge experiments in the present study were carried out on the NUS 
Geotechnical Centrifuge. In view of the capacity of centrifuge and working area of 
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platform, tests were conducted at 100g. 
A schematic and a pictorial view of the experimental set-up for the free-head pile tests 
are shown in Figures 3.3 and 3.4, respectively. The main components of the model 
setup consist of a container, two loading actuators, model full spudcan and 
instrumented piles. Sensors are also used to measure soil responses and will be 
introduced later. The experimental set-ups for free-headed piles and fixed-headed piles 
are similar except the dimensions of models and instrumentations. The important 
parameters for both tests are listed and compared in Table 3.2. Components of the 
model setups are elaborated below in detail. 
3.3.1 Model container and loading actuators 
The model containers used in the present study are made of stainless steel and the 
dimensions can be seen in Table 3.2. A valve was attached to the base of container for 
water drainage. This valve was directly connected to the top of container via a plastic 
tube, so that during soil consolidation, the water on the soil surface (near the top of 
container) can be supplemented by the drained water from the container bottom. This 
is effective under the centrifuge environment because the temperature is high and 
water on the soil surface is easily evaporated.  
The supporting frame mounted on model container is a stainless steel frame which 
supports the two hydraulic cylinders, or named loading actuators. Every hydraulic 
cylinder has a stroke length of 300 mm, a piston of 75 mm and a rod of 37.5 mm in 
diameter. At the maximum pressure of 70 bar (7 MPa), the hydraulic cylinder provides 
maximum compressive and tensile capacities of 4.0 and 2.3 tons, respectively. This 
difference in capacity is owing to the difference in the contact areas that the oil flow 
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actually applies on between bottom chamber below the piston and the top piston rod 
side chamber.  
3.3.2 Model spudcan 
The model spudcan used for free-headed pile test is made of aluminum alloy and has a 
diameter of 100 mm with an 11o base angle and an 80o conical tip, see Figure 3.5. It 
simulates a 10-m diameter spudcan in prototype scale. 
A larger size of 140 mm with a slightly different shape was originally proposed in 
experiments on fixed-headed piles to simulate the MLT 116-C spudcan on site. The 
model spudcan made of aluminum alloy has a diameter of 140 mm with a 16o base 
angle and a 70o conical tip, see Figure 3.6. It simulates a 14-m diameter spudcan in 
prototype scale. Owing to the container size, the pile responses might be influenced by 
the boundary especially when the pile is located far away from the spudcan or in other 
words closer to the container boundary. As such, a smaller 12-m (prototype scale) 
spudcan with the dimensions scaled proportionally to the diameter was also tested. 
3.3.3 Model piles and pile caps 
For both free-headed and fixed-headed pile tests, two instrumented model piles were 
employed in the present study to measure the pile bending moment and axial force 
profiles, respectively. 
3.3.3.1 In free-headed pile tests 
A model free-head pile instrumented with strain gauges is shown in Figure 3.7. Each 
pile was fabricated from a hollow square tube made of aluminum alloy with an outer 
dimension of 9.53 mm, a wall thickness of 1.59 mm and a total length of 435 mm. To 
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measure bending moments, the pile was instrumented with half-bridge strain gauge 
circuits along the pile shaft. To measure axial forces, full-bridge instead of half-bridge 
strain gauge circuits were employed in order to minimize the thermal effects and this 
configuration has been verified to be able to prevent the strain gauge drift (Shen, 
2008). The circuits were distributed and the strain gauge wires were taken up along the 
exterior of the pile shaft and protected by a thin layer of epoxy, resulting in a final 
external width of 12.6 mm (1.26 m in prototype scale). The flexural rigidity (EI), 
compression modulus (EA), and lateral and axial capacities of the pile can be found in 
Table 3.2. Pyramidal toe was chosen to facilitate pile jacking as well as to minimize 
the deviation of the piles from the vertical during installation. It should be noted that 
the square pile was adopted in free-headed pile tests, though circular pile is more 
realistic in the offshore field. The reason is that during the experiment, it was detected 
that after pile was jacked in and when the pile head was being released, the circular 
pile was easier to twist than square pile even with a minor disturbance from the jacking 
system above the pile head. This twist would cause the strain gauges deviated from the 
target position, i.e. facing directly towards the spudcan center. As such, the square pile 
was employed to ensure the correct direction of the strain gauges. 
Pile cap with a hook attached at the cap bottom (Figure 3.7), was employed to hang the 
pile in the air before installation and subsequently jack the pile into the soil. Above the 
pile cap is the thick aluminum plate which could locate and fix the pile cap at different 
distances from the edge of the spudcan. There is a thin strand cable fixed on the top of 
loading frame and tied to the hook in the pile cap (Figure 3.4). When around 80% of 
the target penetration depth was reached, the cable and the hook would be 
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automatically released. Therefore, after pile installation, when the pile cap returned 
upwards, the pile head would be free. 
3.3.3.2 In fixed-headed pile tests 
The model pile and pile cap in fixed-headed pile tests are shown in Figure 3.8. The 
model piles were purposely designed to simulate an offshore prototype steel pile with 
1.26 m diameter and 3.8 cm (1.5 inch) wall thickness. The principles of determining 
the size of model piles are: 
1. to simulate the same diameter to obtain a realistic soil flow pattern; 
2. for the measurement of pile bending moment, the EI (flexural rigidity) should be 
identical; 
3. for pile axial force, the EA (compression modulus) should be identical. 
Following these principles, the piles in fixed-headed pile tests are circular in shape and 
the dimensions are listed in Table 3.2. The bending pile was fabricated from a hollow 
circular stainless steel tube with an outer diameter of 9.5 mm, a wall thickness of 1.2 
mm and a total length of 435 mm. On the contrary, the axial pile was made of 
aluminum alloy with the same outer diameter but a wall thickness of 1.6 mm. 
It would be desirable from a practical point of view to design a clamping system such 
that the head of the pile was only fixed from rotating but was able to move 
horizontally. However, such a system encounters difficulties to operate especially at a 
high gravity level, and hence a fully fixed head condition (i.e. no rotation, no 
deflection) was adopted. The pile was prevented from moving both laterally and 
vertically. In order to simulate such a pile head condition, the pile caps above and 
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below the aluminum plate were employed as shown in Figure 3.8. These pile caps 
were able to fix the pile head tightly onto the aluminum plate so that virtually no head 
rotation or head deflection could occur. In addition, the pile caps could ensure that the 
instrumented strain gauges on pile faced directly towards the spudcan center. There are 
also vertical guides for pile driving to ensure the vertical alignment of the aluminum 
plate when the plate was lowered down to jack the piles into the soil. 
3.3.4 Sensors 
Different kinds of sensors were employed in the present study to measure the forces, 
displacements, pore water pressures and total pressures. 
Interface SML-series load cells with nominal capacities of 1000 lbs (4.4 kN) and 2000 
lbs (8.8 kN) were used for the measurement of spudcan loads. This kind of load cell 
was chosen due to its miniature size with a height of less than 1 inch (2.54 cm). Its 
nominal rated output is 2 mm/V under maximum excitation of 10 V. This load cell has 
an accuracy of 0.05% and a safe overload of 150%. The load cell was mounted 
vertically between the upper hydraulic piston tip and spudcan rod to monitor directly 
the load that the spudcan was subjected to, see Figure 3.3. The calibration was made 
by putting a dead load on the load cell and spinning up at different g-levels. The results 
showed that the responses of load cells were highly linear with factors of about 2.2 
kN/V and 4.4 kN/V with a 100-fold amplification for 4.4 kN and 8.8 kN load cells, 
respectively. 
Midouri potentiometers with different stroke lengths were used to measure 
displacements. Two 300-mm potentiometers were mounted on the loading frame to 
monitor both pile and spudcan penetration. One 100-mm potentiometer was fixed on 
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the aluminum plate in the free-headed pile tests to measure vertical pile head 
movement. Another two 100-mm potentiometers were employed, attached with a light 
plate and hollow plastic ball, to measure the surface settlement as well as the water 
level, respectively. 
NAIS micro laser sensors LM10 (model ANR1250) were used to measure the lateral 
pile head deflection in free-headed pile tests. This sensor has a center point distance 
(distance between sensor and target) of 50 mm and a measurable range of ±10 mm 
within the center point distance. Calibration was carried out by securing a 100-mm 
potentiometer to the laser sensor. As the target was gradually moved, the relationship 
between the change in voltage of laser sensors and displacement measured by 
potentiometers could be established. Two laser sensors were used to measure the 
lateral deflection of the exposed part of the pile head at two different heights so that 
the rotation of pile head could be calculated. 
Druck PDCR81 miniature pore pressure transducers (PPT) with diameter of 6 mm 
were embedded in the model ground for the measurement of pore water pressure. Two 
different capacities of PPT with maximum measurement range of 3 bar and 7 bar were 
employed in the tests. Calibration was done by submerging PPTs in water and spinning 
at different g-levels. More details were presented by Purwana (2007). Before tests, the 
transducers should be de-aired by a vacuum pump to get rid of any trapped air bubbles. 
In order to measure the pore water pressures around the pile, five transducers were 
instrumented in a dummy pile with the dimensions exactly the same as the bending 
pile in fixed-headed pile tests, as shown in Figure 3.9(a). The tips of the transducers 
were adjusted to be exactly at the pile surface. 
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Kyowa total stress transducers with a diameter of 6 mm instrumented on a dummy pile 
were employed to measure the radial soil pressures on the pile, as illustrated in Figure 
3.9(b). The dummy pile has the dimensions exactly the same as the bending pile in 
fixed-headed pile tests (see Table 3.2) with an outer diameter of 12.6 mm. Shallow 
holes with their sizes slightly larger than the transducers were firstly drilled. The 
transducers were subsequently glued inside the hole and their surfaces were ensured to 
be approximately at the pile surface. Unlike pore pressure transducers, the calibration 
factor of total stress transducer is not unique but depending on loading conditions. As 
suggested by Lee et al. (2002), the calibration should be conducted with the 
transducers placed in a similar loading condition to the actual test. Therefore, the pile 
was placed not only vertically but also laterally in soils and transducers were calibrated 
by establishing the pressure readings with the actual vertical or lateral soil pressure at 
different g-levels. Vertical soil pressure could be directly calculated through the soil 
weight, while the lateral soil pressure should be calculated from vertical pressure 
through the coefficient of lateral earth pressure. The calibration method was explained 
in detail by Lee et al. (2002) and applied successfully by Ong (2004) and Purwana 
(2007). 
3.4 Experimental Set-Up (Half-Spudcan Test) 
Half-spudcan tests were carried out to investigate the induced soil displacements 
during spudcan penetration/extraction by PIV analysis. The schematic diagram for 
half-spudcan test is shown in Figure 3.10. For the 100-mm diameter spudcan, a 
rectangular model container with dimensions of 430 × 215 × 455 mm (length × width 
× height) was employed, while for the 120-mm diameter spudcan, a semi-circular 
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container with a diameter of 550 mm and height of 500 mm was utilized. The front of 
the container is made of transparent perspex to facilitate observation of soil flow. The 
half-spudcan was made by cutting a full-spudcan into two identical parts. To prevent 
soil or water ingress through the contact surface, the contact between the spudcan and 
the plate of perspex was sealed with 4-mm thick rubber. The rod was welded slightly 
away from the centre of full-spudcan so that only the half-spudcan was in contact with 
the plate of perspex window. Semi-circular pile was also employed in one test to study 
the effect of pile presence on the soil movement pattern. The pile was made by sticking 
a 3-mm thick rubber onto a dummy pile with an arc shape so that the final pile 
diameter was 12.6 mm when the pile was pressed against the plate of perspex. 
Since the white clay does not have enough textures for the PIV program to track the 
soil movements, special light and black “flock” powders were sprinkled randomly onto 
the frontal surface of the clay block, as shown in Figure 3.11. (White et al., 2005). 
The imaging system includes a JAI CV-A2 progressive scan camera, which was 
mounted on a frame extended from the centrifuge platform in order to capture images 
in-flight. Images were directly stored in one on-board personal computer (PC) fixed on 
the centrifuge arm. The PC can be remotely controlled by a computer in the control 
room so that the image capturing process could be easily arranged. 
In the present study, in order to obtain images with high definition for the subsequent 
accurate PIV analysis, the camera was purposely zoomed in to capture the soil area of 
most interest. Typically the image covered the soil area horizontally within 1.25D 
away from the edge of spudcan at each side. The captured image had a dimension of 
1600 pixel × 1200 pixel (horizontal × vertical). To optimize the computing time and 
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the precision of results, a patch size of 28 pixel × 28 pixel was chosen for analyzing 
the images. Using the close-range photogrammetry as explained in Section 3.3.2, the 
typical image distortion and the corresponding scale factor after photogrammetry 
correction are shown in Figure 3.12. It is found that owing to image distortion, the 
scale factors are varied vertically and horizontally. 
3.5 Soil Sample 
Malaysian kaolin clay was used throughout the tests. Its non-texture property allowed 
the imaging processing more convenient, since the white color contrasted clearly with 
the black flocks on the soil surface. The physical properties of this kaolin clay are 
listed in Table 3.3. Toyoura sand was utilized as the bearing and bottom drainage layer, 
and its properties are listed in Table 3.4. 
3.5.1 Soil preparation 
Firstly, dry kaolin powder was mixed with water in a soil mixing machine in vacuum 
for 4 hours to obtain slurry at a water content of 1.5 times its liquid limit. Before 
pouring slurry, Toyoura sand was air pluviated into the model container until reaching 
the targeted depth. The soil surface was subsequently leveled by means of a suction 
pipe. After raining, the calculated dry density of the sand layer was about 1570 kg/m3, 
which corresponds to a relative density Dr of about 80%. According to Ueno (1998), 
the corresponding friction angle is about 39o to 40o. 
The container wall was then coated with a thin layer of silicon grease to reduce friction 
between the soil and wall. De-aired water was then slowly introduced to the bottom of 
the sand layer through an opening hole at the base of the container to saturate the sand. 
The clay slurry was then transferred into the soil container under water in order to 
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prevent air bubble getting into the soil. 
Afterwards, the sample was loaded by a pneumatic jack and consolidated under a 
pressure of 20 kPa for one week. This resulted in a thin layer of over-consolidated clay 
at the top so that the clay was sufficiently stiff and allowed the potentiometers to rest 
stably on the soil surface, rather than punching through. Then the soil sample was 
moved onto the centrifuge platform and subjected to self-weight consolidation at 100g.  
After 8 hours of consolidation at 100g and subsequent experimental set-up at 1g, the 
centrifuge was spun up again to 100g to allow soil reconsolidation for over 8 hours 
(more than 9 years in prototype). It should be noted that for soil reconsolidation, the 
centrifuge at the beginning was accelerated in 5 steps with 20g increment each lasting 
for 5 mins until it reached 100g. This minimized the induced settlement and rotation of 
the instrumentations due to sudden inertial forces and accelerations during centrifuge 
spinning up. Both PPTs and potentiometers were used to measure pore pressures and 
surface settlements, respectively, as shown in Figure 3.13. 
The degree of consolidation can be determined from the measured surface settlement 
using the Asaoka’s method (1978), and also can be calculated directly from the 
dissipation of pore water pressures monitored by PPTs. The results shown in Figure 
3.14 reveal that over 98% degree of consolidation has been achieved. The value 
deduced from surface settlement, which represents the average degree of consolidation 
throughout the 37-m thick clay layer, can reach as high as 99%. Afterwards, the test 
proper was then ready to commence. 
3.5.2 Shear strength profile 
T-bar penetrometer was used to measure the undrained shear strength profile of the 
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clay. Since it incorporates the advantages of the cone penetrometer (which gives a 
continuous profile of “strength”) and the vane shear device (which gives direct 
measure of shear strength) and is relatively simple to conduct. The T-bar has been 
proven to be better than cone penetrometer and vane shear device (Stewart and 
Randolph, 1991). 
The principle of T-bar penetrometer is to force the soil to flow around the probe in 
order to minimize the relative magnitude of volume expansion of the soil due to 
insertion of the device. In this way, correction of the measured penetration resistance 
due to overburden stress is minimized (Watson et al., 1998). The model T-bar 
penetrometer comprises a cylindrical cross bar of 5 mm in diameter and 25 mm in 
length, see Figure 3.15. 
The undrained shear strength profile was measured from in-flight T-bar penetration 
after 8 hours soil consolidation. T-bar was penetrated at a rate of 3 mm per second (in 
model scale). This rate was chosen to ensure an undrained condition (refer to Equation 
3.5 later). It should be noted that there is no established scaling law for the conversion 
of model penetration rate to the prototype scale, which will be explained in Section 3.7. 
The typical strength profile is shown in Figure 3.16. Owing to 20 kPa preconsolidation 
surcharge before centrifuge spinning, an upper 3-4 m (in prototype) overconsolidated 
layer existed, which was similar to that measured by Ong et al. (2006). The strength 
profile can be estimated by the empirical expression based on Modified Cam-clay 







σ , and λ
κλ −=Λ      (3.3) 
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where OCR is the overconsolidation ratio. After input of the Modified Cam-clay 
parameters proposed by Goh (2003) listed in Table 3.3, the expression becomes: 
'26.0 78.0 vu OCRc σ=         (3.4) 
Take average effective unit weight of about 6 kN/m3 (in prototype), the profile of 
undrained shear strength from this empirical equation matched well with those 
obtained from in-flight T-bar tests, as shown in Figure 3.16. 
3.6 Data Acquisition and Control Systems 
3.6.1 Data acquisition 
In the experiments, analogue signals obtained from load cell, potentiometers and laser 
sensors were transferred to the data collection center through the junction boxes and 
electrical slip rings. Data were monitored at a frequency of 100 Hz, and then averaged 
for every 100 samples resulting in a recording rate of 1 data per second. While signals 
from piles, pore pressure transducers and total stress transducers were captured by the 
strain meter fixed on the centrifuge arm. The capturing rate was set to 1 data per 3 
second. This slow rate was due to over 20 channels required to scan each time. 
3.6.2 Servo-controlled loading system 
The two loading actuators (Section 3.3.1) were controlled in either load or 
displacement control mode. Two independent hydraulic servo-valves were employed to 
control these two loading actuators separately. Since the centrifuge hydraulic union 
provides only one single outlet of hydraulic supply, a flow divider is necessary to 
divide the hydraulic flow into 2 separate passages into the two hydraulic control 
systems. 
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Furthermore, since both load control and displacement control were planned during 
spudcan penetration/extraction, a switch box, which is the connector between the servo 
amplifier and D/A converter, was employed to switch between these two modes. The 
digital command was firstly transmitted to the D/A converter and then arrived at a 
servo amplifier through the switch box to form a closed-loop circuit with feedback 
signals. Based on the difference between the command and feedback signals, the servo 
amplifier continuously sent out modified signals to the servo valve till these two 
signals converged. 
3.7 Experimental Procedure 
In the present study, all centrifuge tests were conducted at 100g. In each test, the 
experimental procedure was mainly related to installation of piles, installation and 
extraction of spudcan as well as T-bar penetrometer. Following Byrne (2000), the 
response of foundations on clay during loading conditions is often taken as undrained 
condition. This is because the period of loading is much shorter than that of water 
drainage. Therefore, there is very small volumetric change of the clay sample during 
loading since the movement of water is negligible due to the very low permeability of 
clay. 
Finnie and Randolph (1994), Chung et al. (2006) and Lehane et al. (2009) pointed out 
that at low penetration rates, the soil resistance increased due to partial consolidation 
and the associated strengthening effect; while at high rates, the soil resistance also 
increased due to the viscous effect. They suggested that there was a range of rate that 
would lead to a minimum resistance. It is also known that in centrifuge modeling, it is 
difficult to choose a suitable displacement rate to simultaneously preserve undrained 
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condition and simulate similar strain rate, as the scaling laws for the soil consolidation 
and the strain rate are 1:N and 1:1, respectively. 




 (For undrained condition)     (3.5) 
where V is the velocity, D is the length dimension, diameter for circular foundation and 
cv is the coefficient of consolidation. Once this dimensionless velocity group factor is 
not significantly large, say greater than 500, viscous effect may not be necessarily 
considered. Rattley et al. (2005) confirmed that this equation was also applicable to 
extraction case. 
In the present study, Equation 3.5 was used to ensure that the penetration/extraction of 
piles, spudcan and T-bar were under undrained conditions. Further details are given in 
the next section. 
3.7.1 Experimental procedure (full-spudcan test) 
3.7.1.1 Pile installation 
The need for pile installation in-flight has long been recognized for an accurate 
simulation of prototype pile behavior in sand. For piles in clay, Craig (1984) postulated 
that the necessity for in-flight installation was less critical compared to that in sand. 
However, there are evidence that piles installed at 1g in clay has a shaft capacity in 
compression of about 15% less than that of the pile installed in flight (Tomas et al., 
1998). In many tests in the present study, the piles were installed at high-g as 
recommended. However, several tests with 1-g pile installation were also conducted to 
study the possibility of replacing of high-g pile installation, because the latter 
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experiences more difficulties in experimental operation. 
For 100g pile installation, the piles were firstly hanged in the air by the pile cap during 
over 8-hour soil reconsolidation. Afterwards, the piles were jacked into the soil by the 
loading actuator. The pile penetration was controlled at a constant rate of 5 mm/sec (in 
model scale). This rate resulted in a value of 50 according to Equation 3.5, so 
undrained behavior has been preserved. After the pile jacked in, for the free-headed 
pile tests, the aluminum plate as well as the pile cap was lift up slightly to release the 
pile head and facilitate the measurement of pile head settlement by a potentiometer 
fixed on the aluminum plate. For fixed-headed pile tests, the aluminum plate and pile 
cap were maintained at their final elevations after completion of pile installation to 
ensure pile fixity. 
The development of pore pressures in soil and soil surface settlement are shown in 
Figure 3.17. Pile in-flight installation generated excess pore pressures in the adjacent 
field (see Figure 3.17(a)), which gradually dissipated after pile installation. Though the 
period after pile installation was purposely set to be more than 3 hours in this 
experiment, it is found that there is no obvious change in pore pressure 2 hours after 
pile installation, indicating excess pore pressure has almost fully dissipated. Therefore, 
in all the other tests, if the pile was installed at 100g, the spudcan penetration 
commenced 2 hours after pile installation. During this 2-hour period (about 2.3 years 
in prototype) for pore pressure dissipation, a soil settlement of about 0.03 m (in 
prototype) at a location 5 m (in prototype) away from the pile center is observed as 
shown in Figure 3.17(b). Meanwhile, another potentiometer placed at the soil surface 
and 15 m (in prototype) away from the pile center (not shown here for a clear 
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visualization), which is supposed not to be influenced by the pile installation, detects a 
soil settlement of less than 4 mm (in prototype). Therefore, the settlement of about 
0.03 m (in prototype) at the location 5 m (in prototype) away from the pile center is 
mainly caused by the pile-induced soil reconsolidation rather than due to the 
incomplete soil consolidation (about 1% left) before the pile installation.  
1-g pile installation adopted was conducted in a few tests after 8-hour soil 
consolidation and centrifuge spun down. Afterwards, centrifuge was spun up again at 
100g for 8 hours before spudcan penetration. 
The effect of particle size on the model pile was deemed to be insignificant since the 
pile equivalent diameter to mean grain size ratio was about 63, which was larger than 
the recommended value of 20 suggested by Bolton et al. (1993). 
3.7.1.2 Spudcan penetration 
The spudcan was subsequently jacked into the clay at a constant loading rate of 2 
kPa/sec (in model scale). The load was measured from the load cell mounted above the 
spudcan rod, and the corresponding loading pressure is the load divided by the spudcan 
projected area. This loading rate led to an average displacement rate of over 1.2 
mm/sec and a minimum rate of 0.5 mm/sec (in model scale), resulting in 
dimensionless velocity group factors of 114 and 47 respectively according to Equation 
3.5, which also ensured undrained condition. 
When the spudcan had about 10 mm to reach the target depth, the load increment was 
stopped allowing the penetration to gradually increase to reach its target depth. Owing 
to the difficulty in the load control mode, the final penetration depth varied slightly 
among the completed tests. The obtained maximum load is named maximum 
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installation load. The spudcan was then unloaded to approximately 50% to simulate the 
working load condition. 
3.7.1.3 Spudcan operation and extraction 
The operation was simulated by maintaining the working load on spudcan. Since the 
soil consolidation was assumed to be the dominant event, the scaling relation is 1:N2. 
That means, to simulate 1-year operation period in field, the model should be around 1 
hour under 100g. In practice, the operation period for jack-up rigs ranges from weeks 
to as long as 5 years. 
At the end of spudcan operation, the initial load control mode was smoothly switched 
to the displacement control mode. The spudcan was then extracted at a constant rate of 
1 mm/s (in model scale), resulting in dimensionless velocity group factor of 95 
according to Equation 3.5, which again ensured undrained condition. 
3.7.2 Experimental procedure (half-spudcan test) 
After the sample was consolidated for 8 hours, the sample was moved outside the 
centrifuge platform in order to prepare the set-up. Black flock powders were sprinkled 
randomly onto the frontal surface of the clay block, after the front plate of perspex was 
opened. 
The inner wall of the plate of perspex was then coated with a thin layer of colorless 
grease to reduce friction among the flock powders, clay and the plate. Waggett (1989) 
pointed out that by using grease type of lubricant, the cohesion between kaolin clay 
and perspex could be reduced to 2.3o and 5o for OCR = 1 and 8 respectively. 
After the set-up was completed, the sample surface was pressed under dead weight for 
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24 hours to ensure the soil and black flock powders were adhered tightly on the plate 
of perspex so that the water poured on the soil in the next stage could not enter the gap 
and disturb the sample. 40-mm depth water was then carefully introduced onto the soil 
surface and the half-spudcan was positioned right touching the soil surface as shown in 
Figure 3.11. The spudcan surface was also greased to reduce the friction with the plate 
of perspex. 
After the set-up was ready, the centrifuge was spun up to 100g to allow over 8 hours 
soil reconsolidation, during which the image was captured every 10 minutes. To 
validate the accuracy of PIV technique, the surface settlements estimated from PIV 
analysis were compared with those directly measured by potentiometer. The latter were 
purposely placed on the soil surface at the same horizontal location but 100 mm behind 
the perspex window as shown in Figure 3.18(a). Figure 3.18(b) illustrates that both sets 
of measured settlements matched well with each other. 
The procedures for controlling the spudcan thereafter were exactly the same as those in 
full-spudcan tests. During spudcan penetration and extraction, the images were 
captured every second (model time); while during spudcan operation, the interval was 
5 minutes. 
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Table 3.1. Centrifuge scaling relations (after Leung et al., 1991). 
Parameter Prototype Model (Ng) 
Linear dimension 1 1/N 
Area 1 1/N2 
Volume 1 1/N3 
Density 1 1 
Mass 1 1/N3 
Acceleration 1 N 
Velocity 1 1 
Displacement 1 1/N 
Strain 1 1 
Energy Density 1 1 
Energy 1 1/N3 
Stress 1 1 
Force 1 1/N2 
Time (diffusion) 1 1/N2 
Time (dynamic) 1 1/N 




















Table 3.2. Differences in model set-up between free-headed pile tests and fixed-headed 
pile tests (under 100g). 
 
 
Free-headed piles Fixed-headed piles 
Devices Parameters 
Model type Prototype Model type Prototype 
Diameter 500 mm 50 m 550 mm 55 m 
Container 
Height 400 mm 40 m 500 mm 50 m 
Spudcan Diameter 100 mm 10 m 
120 mm and 
140 mm 
12 m and 
14 m 
Shape Square Circular 





12.6 mm in 
width 
1.26 m in 
width 
12.6 mm in 
diameter 


















0.95 m in 
diameter, 0.12 
m in thickness
Yield stress 200 MPa 350 MPa 
Young’s 
modulus 
71 GPa 200 GPa 







23 Nm 23 MNm 20 Nm 20 MNm 
Shape Square Circular 





12.6 mm in 
width 
1.26 m in 
width 
12.6 mm in 
diameter 


















0.95 m in 
diameter, 0.16 
m in thickness
Yield stress 200 MPa 200 MPa 
Young’s 
modulus 
71 GPa 71 GPa 




Axial capacity 10 kN 100 MN 8 kN 80 MN 
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Table 3.3. Properties of Malaysia kaolin clay (after Goh, 2003). 
Parameter Unit Value 
Liquid limit (wL) % 80 
Plastic limit (wp) % 35 
Specific gravity (Gs) - 2.60 
Consolidation coefficient (at 100 kPa), cv m2/year 40 
Permeability on NC Clay at 1g (at 100 kPa), k m/sec 2.0 × 10-8 
Angle of internal friction, φ′ o 23 












Table 3.4. Properties of Toyoura sand (after Teh, 2007). 
 
Parameter Unit Value 
Specific gravity, Gs - 2.65 
Average particle size, d50 mm 0.2 
Particle size, d10 mm 0.163 
Minimum dry density, ρmin kg/m3 1335 
Maximum dry density, ρmax kg/m3 1645 
Minimum void ratio, emin - 0.611 
Maximum void ratio, emax - 0.985 
Critical state (constant volume) friction 
angle,φcrit 
o 32 1 














Figure 3.1. Schematic diagram and photo of NUS Geotechnical Centrifuge. 
 
Rotating 






1 m 2 m 1 m 
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Figure 3.3. Schematic of model set-up for free-headed pile tests (all dimensions in mm).  
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Figure 3.6. Model spudcan for fixed-headed pile tests (all dimensions in mm). 
 
 
Figure 3.7. Instrumented pile showing elevation of strain gauges and pile hook 













      
 
(a) Pore pressure transducers      (b) total stress transducers 
 
Figure 3.9. Dummy pile instrumented with transducers (all dimensions in mm). 
Pile instrumented with strain gauges
Pile cap  
below plate
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Figure 3.11. Image taken before half-spudcan test. 
 (a) 
  (b) 
Figure 3.12. Example of image scale variation after photogrammetry correction (a) in 
horizontal direction; (b) in vertical direction. 
Calibration 
marker 
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Figure 3.13. Pore water pressure dissipation and soil surface settlement during soil 
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Figure 3.14. Variation of degree of consolidation with time. 
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Figure 3.16. Measured and predicted shear strength profiles (in prototype). 
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(b) Surface settlement 
 
Figure 3.17. Development of pore pressure and soil settlement during soil 
reconsolidation, pile installation and after pile installation. 






(a) Plan view (in model scale) (all dimensions in mm) 
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Figure 3.18. Comparison of soil surface settlement during soil reconsolidation between 













Soil Flow Mechanism for Spudcan in Soft Clay 
 
4.1 Introduction 
In order to develop a thorough understanding of the interaction between spudcan and 
the adjacent pile foundation, the soil flow and failure patterns during spudcan 
penetration/extraction in soft clay and soft clay overlying sand are presented first in 
this chapter. Soil deformation images were captured in the half-spudcan tests, and 
subsequently analyzed with Particle Velocimetry Technique (PIV) to finally obtain the 
trajectories of soil movements. 
4.2 Test Program 
A total of five half-spudcan tests have been conducted, as summarized in Table 4.1. All 
the test results are presented in prototype scale hereinafter, unless otherwise stated.  
The spudcan penetration depth is defined as the depth of the lower elevation of the 
widest cross-section of the spudcan, see sketches in Table 4.1. Test P1 was conducted 
with a 10-m prototype diameter spudcan jacked 15 m into soft clay with a thickness of 
26 m. This spudcan was adopted in free-headed pile tests. Test P2 had a thicker clay 
layer of 37 m and the spudcan was 12 m in diameter. This spudcan was utilized in the 
fixed-headed pile tests. Test P5 was similar to test P2 except that the final penetration 
depth was greater at 22 m, i.e. 1.83 times spudcan diameter D, to investigate the soil 
flow at deep spudcan penetration. 
The subsurface profile of tests P3 and P4 consisted of 19 m thick soft clay overlying 
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dense sand. Test P3 was conducted with the spudcan base close to the underlying sand 
layer at the final spudcan penetration depth of about 15 m. The purpose of this test was 
to investigate the clay squeezing effect close to the clay-sand interface. Test P4 was 
performed with a semi-circular 1.26-m diameter fixed-headed pile located at 0.5D 
spudcan-pile clearance on one side of the spudcan to visualize the soil flow around 
pile. 
In the PIV analysis, the soil flow patterns during spudcan penetration and extraction 
are presented in terms of soil movement trajectories and associated normalized 
velocity contours, which follows the same approach adopted by Purwana (2007). The 
soil movement trajectories represent the increment of induced soil displacements 
between two consecutive images taken at 1 second apart. The normalized velocity is 
defined as the incremental soil movement divided by the corresponding spudcan 
movement at 1 second interval. As such, each contour line in a normalized velocity 
contour map represents the ratio of the incremental soil movement to the 
corresponding spudcan movement, such that “1” denotes that the incremental soil 
movement equals to the spudcan movement and “0” implies nil soil movement. 
The plot of normalized velocity contours is primarily aimed at revealing the 
development of influence zone during spudcan penetration. It should be noted that in 
the present study, the influence or major displacement zone is defined as the zone with 
normalized velocity greater than 0.05. It should be cautioned that both trajectories and 
normalized velocity contours in immediate vicinity of the spudcan base may not be 
accurate. This is because the soil within this region is subjected to large shear strains 
(Purwana, 2007), but the principle of PIV analysis aims to track the movement of rigid 
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patches. However, since the main objective of the present study was to evaluate the 
influence zone and the soil movement in the adjacent field (i.e. pile locations) where 
the strains are relatively small, this limitation is considered not critical. 
For convenience, tests P1, P2 and P5 with the spudcan far above the underlying sand 
layer at maximum penetration depth are labeled as the case of spudcan in a single clay 
layer. Tests P3 and P4 with the spudcan fairly close to the underlying sand layer are 
labeled as the case of spudcan in clay/sand layered profile. 
The selected full-spudcan tests which will be cited later in this chapter are listed in 
Table 4.2. These tests are chosen to make comparison with half-spudcan tests on the 
spudcan load responses. Their detailed results on pile responses will be elaborated in 
Chapter 6. 
4.3 Soil Responses with Spudcan in Single Clay Layer 
The soil failure mechanism around spudcan in single clay layer has been thoroughly 
investigated by Purwana (2007), who focused on the soil behavior during spudcan 
extraction. In the present study, the emphasis was on the soil movements at the pile 
locations in the adjacent field, in particular during spudcan penetration. 
4.3.1 Load-displacement curve 
Figure 4.1 shows the spudcan load-displacement curve throughout the whole process 
of (1) spudcan penetration, (2) operation, and (3) extraction. The load presented refers 
to the net vertical load, which is the total load minus the self-weight of spudcan. The 
responses of both half-spudcan (test P2) and full-spudcan (test A10) are compared in 
the figure with the load for half-spudcan doubled to facilitate a fair comparison with 
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the full-spudcan. 
The spudcan penetration is represented by the curve from A to B. The maximum 
penetration resistance of 27.4 MN is achieved when the spudcan penetrates to the final 
depth of about 16.2 m. The spudcan is then unloaded to 14.2 MN (approximately 50% 
of maximum installation load) to simulate the working load condition as shown by 
points B to C. Subsequently operation starts (from C to D) and lasts for 415 days, 
during which a 0.22 m spudcan settlement is noted. 
During spudcan extraction (from point D), the installation load reduces and gradually 
becomes an uplift load. The uplift resistance increases quickly and reaches the 
maximum value of 26.7 MN at a 1.73 m upward displacement (14% of spudcan 
diameter). 
Afterwards, the spudcan is withdrawn from E to F and the spudcan uplift resistance 
gradually decreases. After the spudcan is completely extracted, around 1.6 MN or 160 
tons submerged clay is observed to adhere to the top of the spudcan. The entire 
procedure is similar to that reported by Purwana (2007), though the spudcan size and 
maximum penetration depth are different. 
The load-displacement responses for both full-spudcan and half-spudcan are very 
similar, indicating the reliability of the half-spudcan tests. The slight difference could 
be attributed to the interface friction between the half-spudcan and perspex window. 
4.3.2 Failure mechanism around spudcan 
4.3.2.1 Spudcan penetration 
Samples of high resolution digital images captured during spudcan penetration are 
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shown in Figure 4.2. At the initial spudcan penetration (i.e. 3 m in Figure 4.2(a)), the 
spudcan pushes the soil outwards, and a cavity is formed above the spudcan and due to 
the instability of the cavity, soil slightly back-flows onto the top of the spudcan edge, 
resulting in some cracks close to the cavity at the soil surface. 
With a continuous back flow associated with deeper spudcan penetration, the cavity 
collapse becomes more severe and after around 8 m spudcan penetration depth, the 
spudcan is fully submerged in clay revealing a full soil backflow situation (see for 
example Figure 4.2(c)). Thereafter, the cavity left above the spudcan remains a 
trapezoidal shape with a nearly constant height. 
The incremental soil movement trajectories at 1 second interval, as well as the 
corresponding normalized velocity contours and their vertical and horizontal 
components obtained are shown in Figures 4.3 to 4.7. It is noted that the incremental 
spudcan movements at each spudcan depth are different. For example, the spudcan 
penetration increment at 3 m spudcan penetration depth is 0.053 m (Figure 4.3), while 
at 9 m it is 0.12 m (Figure 4.5). This is because the constant load rate adopted for 
spudcan penetration does not necessarily produce a constant displacement rate, which 
is also reflected in the spudcan penetration curve with varied slopes in Figure 4.1. 
During initial spudcan penetration (i.e. before 3 m spudcan penetration depth), the 
general bearing capacity failure mechanism dominates the flow pattern. A significant 
amount of soil directly below the spudcan tip moves mainly downwards with the 
spudcan, and the soil under the inclined spudcan base moves both outwards and 
downwards (Figure 4.3(a)). At some radial distances away from the spudcan base, 
there is a transitional movement from vertically downwards to laterally outwards. With 
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respect to the soil close to the spudcan edge, the soil transits vertically upwards, 
resulting in heave at the soil surface. 
The total velocity contour in Figure 4.3(b) shows that the soil is uniformly pressed 
outwards, with the major displacement field extending laterally to as far as 0.83D   
(10 m) away from the spudcan edge and 0.96D (11.5 m) below the spudcan base. The 
slight non-symmetry of these contours might be attributed to the fact that the 
perpendicularity of the spudcan and the soil surface can not be fully ascertained. 
With continuous penetration, the spudcan is gradually submerged in the clay from the 
spudcan sidewall to the top centre, and the cavity wall collapses with adjacent soil 
turning inward near the surface. Till 6 m spudcan penetration depth, the spudcan has 
been half submerged in the clay (Figure 4.4(a)). The greatly mobilized soil back-flow 
extends to as far as the soil surface, while the soil trajectories beneath the spudcan base 
follows a similar trend as that observed at 3 m spudcan penetration depth. The extent 
of influence zone (see Figure 4.4(b)) reduces to 0.63D laterally from the spudcan edge 
and 0.88D vertically below the spudcan. 
The soil flow is noted to be fully localized around the spudcan edge at 9 m spudcan 
penetration depth (Figure 4.5), while the changes in the soil surface and formed cavity 
are minimal. At this stage, the major soil distortion zone reduces to 0.42D (5 m) 
laterally from the spudcan edge and 0.75D (9 m) beneath the spudcan base (see Figure 
4.5(b)). 
After this stage, the cavity left by the spudcan remains approximately the same pattern. 
The localized soil failure mechanism dominates till the end of spudcan penetration, as 
both radial and vertical extent of the influence zone remain constant, as shown in 
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Figures 4.5 to 4.7. It can hence be deduced that 9 m (0.75D) spudcan penetration depth 
is deemed the onset of localized soil failure mechanism. 
The velocity contours at each spudcan penetration depth also reveals that the soil just 
beneath the spudcan is subjected to large compressive force and gradually squeezed 
laterally outwards. In fact, the soil under the spudcan base subjected to such high 
strains would be heavily remolded and reach its plastic status (Purwana, 2007). 
In summary, the largest influence zone occurs at a shallow spudcan penetration depth 
and extends to as far as 0.83D away from the spudcan edge and almost 1D below the 
spudcan base. It is expected that the piles located within this zone are the most critical. 
4.3.2.2 Spudcan operation 
Spudcan operation begins after the maximum installation load was reduced by 50%. It 
should be noted that the spudcan operation in the present study does not simulate the 
realistic situation at which the spudcan is subjected to cyclic loading both laterally and 
vertically. However, since the constant vertical loading causes the least disturbance to 
the soil compared to the combined cyclic loading, after spudcan operation, the degree 
of soil consolidation and soil strength with constant loading should be higher than 
those with cyclic loading. Besides, the suction developed under the spudcan base is 
closely related to the degree of soil consolidation and soil strength under the spudcan 
base and should also be greater with a constant loading (Purwana, 2007). The greater 
soil strength and the larger suction developed under the spudcan base after a constant 
loading are expected to induce larger lateral and vertical pile responses during the 
subsequent spudcan extraction (i.e. post spudcan operation). 
Figures 4.8 and 4.9 show the captured images and trajectories of cumulative soil 
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movements from the beginning of spudcan operation, respectively. The trajectories are 
predominantly downwards and the magnitude reduces with soil depth, which indicates 
that the soil reconsolidates after heavy disturbance during spudcan penetration. 
Spudcan settlement as shown in Figure 4.10 should also account for part of the 
downward soil movements above the spudcan. 
Due to different degrees of disturbance with the heaviest at the spudcan centre and 
least at the area furthest away from the spudcan, the soil consolidation is more severe 
when closer to the spudcan. As such, a certain amount of lateral soil movements is 
observed towards the spudcan centre. The lateral soil movements can extend to a few 
meters below the spudcan level, since the reduction in soil strength was also detected 
in this area as previously reported in Figures 2.44 and 2.45. 
The soil displacement generally increases with the duration of spudcan operation. The 
trajectories apparently form a shape similar to a reverse parabolic arc, with its base 
located at around 7.8 m (0.65D) below the spudcan base. The lateral extent of 
influence extends to 1D away from the spudcan edge at the surface and gradually 
reduces with depth. This influence zone has also been revealed from the flow pattern 
observed during spudcan penetration. 
Figure 4.11 presents the soil surface settlement during spudcan operation. Due to 
cavity collapse before 100 days, the cavity height reduces about 0.6 m. The bottom of 
the cavity settles afterwards due to soil consolidation. In the end (i.e. at 415 days), the 
final height of the cavity wall is around 3.8 m (0.32D). 
The development of surface settlement at different distances away from the spudcan 
edge shown in Figure 4.11 exhibits a typical soil consolidation curve, with gradually 
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lower rate of settlement with increasing time. The settlement at 0.25D is the largest 
and decreases with increasing distance away from the spudcan. At 415 days, the final 
soil surface settlement at 0.25D is 0.46 m, which is 2.4 times that at 1.25D, the furthest 
distance captured in the image. 
4.3.2.3 Spudcan extraction 
The spudcan was extracted at a constant rate of 1 mm/s after spudcan operation. 
Owing to difficulties in load control during spudcan penetration, the final elevation of 
the spudcan varies slightly among the tests. Accordingly, the normalized spudcan depth 
(d/df) is adopted (d is the spudcan depth, and df is the spudcan depth at the beginning 
of extraction). A value of 1 and 0 respectively corresponds to the spudcan depth at the 
beginning of extraction and the original ground surface. It should be noted that to 
facilitate analysis, the original soil surface before spudcan penetration is the datum to 
determine the settlement increment at different stages. 
The captured images at different stages of spudcan extraction are shown in Figure 4.12. 
At the initial stage until spudcan breakout (d/df > 0.89), the soil below the spudcan 
moves upwards together with the extracting spudcan. After the breakout (e.g. d/df = 0.8, 
0.6, etc.), the soil beneath the spudcan base stops to move upward, and the space 
beneath the spudcan is filled with clay from above the spudcan due to reverse 
back-flow. Until the spudcan reaches the depth of d/df = 0.088 with the spudcan edge 
just touching the water flowing from the ground surface, the spudcan starts to separate 
from the underlying clay, and the gap is then rapidly filled with water. This 
phenomenon is attributed to the disappearance of the residual suction under the 
spudcan base, which could also be validated from the sudden increase in the net 
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vertical load near point F on the load-displacement curve in Figure 4.1. This is 
consistent with the finding by Purwana et al. (2005). 
The incremental soil movement trajectories at different stages of spudcan extraction 
are shown in Figure 4.13. At the beginning (Figure 4.13(a)), the soil below spudcan 
experiences a suction force which drags the soil together with the spudcan. The 
upward soil movements become smaller with increasing distance away from the 
spudcan base. The soil beside the spudcan rotates around the spudcan edge and moves 
from the spudcan top towards the base, indicating that the spudcan extraction at the 
initial stage can be seen as a reverse localized bearing failure mechanism. At the 
spudcan top, it is observed that the initial extraction partially mobilizes the upward soil 
movements, with the soil movement trajectories forming a cylinder shape with a cone 
tip pointing to the soil surface. 
Such soil movements continue until the breakout point (d/df = 0.89) (see Figure 
4.13(b)), at which an obvious vertical slip line appears along the spudcan edge from 
the top of spudcan to the surface. 
After suction breakout and the spudcan gradually separates from the underlying clay, 
the upward soil movements below the spudcan base are observed to be much smaller 
(see for example Figure 4.13(c)). At this stage the soil directly below the spudcan 
mainly comes from above the spudcan and hence does not have enough textures for the 
PIV program to track the soil movements. As such, some soil movement trajectories 
below the spudcan become wild vectors and have been deleted accordingly. 
While the soil column above the spudcan moves almost rigidly upwards, the soil 
surface radially beyond this column gradually settles, especially after spudcan 
Chapter 4 Soil Flow Mechanism for Spudcan in Soft Clay 
 123
breakout. This is because the soil beside the spudcan moves downwards to fill the 
cavity left by the spudcan extraction. 
At d/df = 0.088, the spudcan separates from the underlying clay layer. Owing to the 
breakdown of residual suction, the clay beneath the spudcan suddenly falls, as shown 
in Figure 4.13(g). 
4.3.3 Effect of spudcan penetration depth 
As described in Section 4.3.2.1, localized soil flow mechanism is observed around 
spudcan after a spudcan penetration depth of 0.75D. In test P2, the spudcan at its final 
penetration depth is still not far from the initiation of the localized failure mechanism. 
The soil responses at deeper spudcan penetration need to be evaluated. Furthermore, 
the bearing pressure of about 240 kPa in test P2 is close to the lower bound value of 
192-335 kPa adopted in practice (Young et al. 1984). Test P5 was conducted with the 
spudcan penetrated to 22 m depth such that the soil failure mechanism can be studied 
for a deeper spudcan penetration with a higher loading pressure close to the upper 
bound adopted in practice. 
The load-displacement curve for test P5 shown in Figure 4.14 reveals similar response 
to the corresponding full-spudcan test (test A12). The installation load is almost the 
same as that observed in test P2 up to 16 m spudcan penetration. Since in both tests the 
breakout resistances are similar to the maximum installation loads, the breakout force 
can be considered to have a linear relationship with the spudcan depth. Furthermore, 
the displacements needed to mobilize the maximum uplift resistance for both tests are 
similar (about 14% - 16% of spudcan diameter). Therefore, it can be concluded that 
when a spudcan is deeply buried and associated with a localized shear failure during 
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extraction, the breakout resistance is mainly dependent on the soil shear strength. 
Similar finding was also reported by Thorne et al. (2004). 
The soil flow patterns at 18 and 21 m spudcan penetrations in test P5 are similar to that 
observed at 15 m spudcan penetration in test P2, and are hence not presented herein. 
This finding again demonstrates that the soil flow is fully localized after a spudcan 
penetration of 0.75D. 
4.3.4 Soil movements at pile location 
Since the main objective of this study was to investigate the responses of piles adjacent 
to the spudcan, it is important to have a complete understanding of the soil behavior 
surrounding the piles, which is helpful to reveal the corresponding interaction 
mechanism. The free-field soil movements at various distances away from the spudcan 
edge in a single clay layer during spudcan penetration, operation and extraction are 
compared in this section. Since test P5 covers a greater spudcan penetration depth than 
that of test P2, these two test results are combined together to present the soil 
movement at the pile location during spudcan penetration. 
4.3.4.1 Spudcan penetration 
The incremental free field soil movement trajectories at 0.5D away from the spudcan 
edge during spudcan penetration are shown in Figure 4.15. The soil is predominantly 
squeezed laterally outward and vertically upward throughout the whole penetration, 
whereas at a deep penetration depth (e.g. 12 m), a slight inward and downward soil 
movement above the spudcan elevation is detected due to soil backflow. 
The maximum lateral soil movement always occurs at around 3-4 m below the 
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spudcan elevation, beneath which the soil movement becomes smaller. Meanwhile, the 
elevation of the maximum vertical displacement is located at the spudcan elevation, as 
the soil flow at this level is the most severe, which can be observed from the vertical 
velocity contours shown in Figures 4.3-4.7. 
The cumulative soil displacements shown in Figure 4.16 were obtained by searching 
the differences between the images at the beginning of spudcan penetration and at the 
targeted depth, e.g. 3 m, 6 m, etc. It is verified that at the adjacent field with relatively 
small soil movements, this direct comparison is more accurate than to summate all the 
differences from each sequential image taken at one second interval. The maximum 
lateral soil movement gradually increases with spudcan penetration from 3 m to 9 m, 
and the elevation of the maximum soil movement becomes lower. After 9 m spudcan 
penetration, though the lateral soil movement below the spudcan elevation still 
increases, the maximum soil movement remains at 9 m soil depth. 
In order to have a clear view of the soil response at each stage, the incremental soil 
movements for every 3 m are plotted in Figure 4.17. It is shown that the incremental 
soil movements during 0-3 m and 3-6 m spudcan penetrations are much larger than 
those during deeper spudcan penetrations, while the increments after 9 m spudcan 
penetration are similar. Both findings indicate the transition from general bearing 
capacity mechanism to the localized soil failure mechanism. 
The inward and downward soil movements near the soil surface due to backflow are 
found to be much smaller than the outward and upwards movements (about 25% in 
average), whereas the vertical extension of soil movement is significant. For example, 
from 18 m to 21 m penetration depth, the incremental inward soil displacement can 
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extend from the soil surface to as deep as 18 m soil depth (refer to the negative values 
in Figure 4.17(a)). These soil displacements would cause a reverse pile responses, 
which is deemed to be beneficial. 
The incremental soil movement trajectories at various distances away from the 
spudcan edge (i.e. 0.25D, 0.5D, 0.75D and 1D) at selected spudcan penetration depths 
of 3 m and 12 m are shown in Figure 4.18. The soil movement reduces with increasing 
distance from spudcan, and the displacement at 1D is much smaller than that at 0.25D. 
At 3 m penetration depth, there is soil backflow within 0.25D near the ground surface. 
Though the magnitude of inward movement is small, this implies that the soil moves 
towards the cavity at the spudcan edge. 
At 12 m penetration depth, the soil backflow is most evident at 0.25D, and negligible 
when beyond 0.5D. The maximum vertical soil displacement at any radial distance 
from spudcan occurs at the same vertical level as the spudcan elevation, while the 
maximum lateral displacement takes place at an elevation with an angle of 40o 
projected outward from the spudcan edge. 
The soil surface settlement profiles during spudcan penetration are shown in Figure 
4.19. Prior to 9 m penetration depth, the general failure mechanism still prevails and 
the soil heaves at all distances. After 9 m, the soil close to spudcan starts to settle while 
the soil surface beyond about 0.85D still continues to heave. The soil heaves is mainly 
created by the additional volume of spudcan and the cavity on the surface. 
The cumulative soil displacement contours and magnitudes at different spudcan 
penetration depths are shown in Figures 4.20-4.24. The closest distance for analysis is 
chosen to be 0.25D, mainly because the pile in practice could not be closer to the 
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jack-up rig, as this likely causes interference with the spudcan resulting in damage to 
the adjacent foundation. In addition, the soil within 0.25D is heavily distorted and 
hence may not be suitable for PIV program to correctly track the large soil movement. 
At each spudcan penetration, as shown in the lateral displacement contours, the 
magnitude progressively reduces from its maximum at the centre to laterally outward 
and vertically downward. The contour lines gradually expand downwards with a 
greater spudcan penetration depth. It is noted that at each spudcan penetration depth, 
beyond 1.25-1.5D below the spudcan, the soil movements are smaller than 0.01 m. 
The elevation of maximum soil movements is different at various distances, as 
represented by the comparison of magnitudes in each figure. At a distance of 0.25D 
from the spudcan edge, the elevation is always the lowest and descends gradually with 
spudcan penetration. The elevation becomes higher at greater distances from the 
spudcan edge until 1D, at which the elevation always remains at the soil surface. This 
is reasonable because at a distance far away from the spudcan, the soil backflow is 
insignificant, as also indicated by the continuous heave of soil surface beyond 0.85D 
shown in Figure 4.19. 
The vertical soil movement in the adjacent field can be divided into two distinct 
regions. In the region close to or above the spudcan depth, upward soil movements are 
dominant; while 3-6 m below the spudcan, downward soil movements prevail and 
form a settlement bulb, which is similar to Figure 2.8(b). The boundary is denoted by 
“0” contour line. 
The maximum soil displacements are summarized in Figure 4.25 to evaluate the effect 
of distance from the spudcan. At each spudcan penetration, a clear exponential 
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decrease in lateral soil displacement with distance is observed, while the reduction in 
vertical soil displacement is less. 
The development of maximum soil displacement with spudcan penetration is presented 
in Figure 4.26. The maximum lateral soil movement at 0.25D decreases much greater 
after 9 m spudcan penetration compared to the other distances, indicating the heavy 
soil flow zone is located at 0.25D (see also Figure 4.18(b)). The maximum vertical soil 
displacement within 0.75D reduces after 9 m spudcan penetration due to soil backflow, 
but increases beyond 0.75D, which is consistent with the development of soil surface 
movement in Figure 4.19. 
4.3.4.2 Spudcan operation and extraction 
Figure 4.27 shows the cumulative soil movement trajectories at 0.5D from the spudcan 
edge after different operation periods. The soil moves laterally inwards and vertically 
downwards due to soil reconsolidation. Both the maximum lateral and vertical soil 
movements occur at the soil surface and gradually decrease until about 8 m (0.67D) 
below the spudcan. With a longer duration, the soil movement becomes greater. 
The incremental soil movement trajectories at 0.5D during spudcan extraction are 
presented in Figure 4.28. The projected lines connecting the spudcan edge and the 
location with the maximum lateral and vertical movement are plotted in thick and thin 
dash lines, respectively. At the beginning of spudcan extraction, the maximum lateral 
and vertical soil movements are located 4.6 m below the spudcan and at the spudcan 
level, respectively. While during continuous extraction, this location ascends relatively 
to the spudcan depth till at d/df = 0.4, where the maximum soil movement occurs at the 
soil surface. This result can be attributed to the occurrence of soil suction. During 
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initial spudcan extraction, the soil being dragged is mainly the underlying soil as 
suction develops. While after the spudcan breakout, suction becomes less prominent 
and the soil flow mainly comes from above the spudcan. Therefore, the location of the 
maximum soil movement at 0.5D ascends from below to above the spudcan. 
4.4 Soil Responses with Spudcan in Clay/Sand Layered Profile 
4.4.1 Load-displacement curve 
The load-displacement curve for spudcan in clay/sand layered profile is compared with 
that in single clay layer in Figure 4.29. To rationalize the differences between these 
two load-displacement relationships, both results in full-spudcan and half-spudcan 
tests are plotted. Similar responses between full-spudcan test (test A5) and 
half-spudcan test (test P3) in clay/sand layered profile again validate the spudcan 
responses in the half-spudcan experiments. 
Prior to 7-8 m spudcan penetration, the load responses in both soil profiles are nearly 
the same, which denotes that the underlying sand layer has no effect on the spudcan 
resistance. The bearing load in clay/sand layered profile thereafter starts to increase at 
a higher rate than that in single clay layer. Therefore, it is deemed that the underlying 
sand layer takes effect when the spudcan-sand layer clearance is less than about one 
spudcan diameter. This clearance is close to those observed in previous loading tests, 
but much larger than those estimated by empirical methods as reviewed in Section 
2.2.1.2. 
At the end of spudcan penetration of about 16 m, the maximum installation load in 
clay/sand layered soil is approximately 60 MN, which is 53% larger than that in single 
clay layer of about 28 MN. The corresponding loading pressure is around 534 kPa. 
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The spudcan experiences a settlement of less than ten millimeters during the operation 
period of 415 days, which is much smaller than that of 0.22 m registered in single clay 
layer, due to the less compression of the thinner clay layer below. 
During spudcan extraction, the breakout force in clay/sand layered profile is about   
31 MN, slightly higher than 26.7 MN measured in single clay layer profile. The 
occurrence of the maximum uplift load is also different, with the required uplift 
distance of (8 – 9)%D in clay/sand layered profile and (14 – 16)% in single clay layer. 
This can be attributed to the different soil failure mechanisms, which will be explained 
later from the comparison of different soil flow patterns. 
4.4.2 Failure mechanism around spudcan 
4.4.2.1 Spudcan penetration 
The images captured during spudcan penetration in test P3 are shown in Figure 4.30. 
Compared to the images obtained from test P2 (Figure 4.2), the trend of soil 
deformation is similar, except a slight variance in the cavity shape. 
The clay movement is found to be significantly larger than that in sand. Therefore, for 
easy visualization, the soil movement trajectories in clay will be shown as the 
incremental displacement with 1 sec interval, the same as test P2, while the 
deformation of the sand layer will be reported in terms of cumulative soil movement at 
each spudcan penetration. 
The incremental clay movement trajectories and normalized velocity contours during 
spudcan penetration are shown in Figures 4.31-4.36. At shallow spudcan penetration 
depths (i.e. about 3 m in Figure 4.31 and 6 m in Figure 4.32), similar to that in test P2 
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(Figures 4.3-4.4), the clay beneath the spudcan is pushed uniformly outwards, and the 
top of spudcan is partially covered with the soil from back-flow. Both lateral and 
vertical influence zones are nearly the same as those in test P2. 
Figure 4.33(b) on total velocity contours shows that at about 7 m spudcan penetration, 
the bottom of each contour line exhibits a concave shape towards the spudcan base and 
the shrinkage area forms a triangle shape with a projected angle (named α) of 49o to 
the horizontal direction. This result implies that the vertically pressed clay layer under 
spudcan base is prevented from moving downwards and subsequently transited to 
move along or above the boundary of the shrinkage area, below which the clay is 
under compression. 
With further spudcan penetration (i.e. 9 m in Figure 4.34 and 12 m in Figure 4.35), the 
angle α gradually reduces when the spudcan approaches the underlying sand layer and 
the lateral component of the soil trajectories under spudcan base becomes greater. The 
shrinkage area, which is primarily subjected to compression, becomes smaller and the 
downward movement partly transits to lateral soil displacement. This result confirms 
that the effect of sand layer becomes more predominant when the spudcan-sand layer 
clearance becomes smaller. On the contrary, in single clay layer, with a similar 
spudcan penetration of 9 m or 12 m, the soil is continuously pushed uniformly 
outwards with a localized flow around spudcan (Figures 4.5-4.6). 
After 12 m spudcan penetration as the clearance between spudcan and clay/sand 
interface less than about 0.6D, the soil is restrained by the underlying sand layer and 
flows locally around spudcan. Therefore, the extension of the lateral soil movements 
reduces, as seen in Figure 4.36(c). The prevented downward soil movement is 
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transferred primarily to back-flow towards the spudcan top. 
The extents of influence at different penetration stages are summarized in Figure 4.37 
and compared with those of single clay layer in test P2. For a single clay layer, the soil 
flow has transited to localized failure mechanism after 9 m spudcan penetration depth, 
as denoted by the nearly constant influence zone. While in a clay/sand layered profile, 
the development of influence zones can be divided into three stages in terms of the 
clearance between spudcan and clay/sand interface: 
1. Clearance is greater than about 1D, the influence zone is similar to that of test P2, 
and displays a transition from general failure mechanism to localized mechanism; 
2. Clearance is between 0.6-1D, the sand layer starts to affect the soil flow. The 
lateral extent becomes larger than that in test P2, while the vertical extent is 
smaller, showing an obvious soil squeezing effect. However, the extent decreases 
with spudcan penetration depth, especially for the vertical extent, which indicates a 
combination of localized flow mechanism and soil squeezing effect; 
3. Clearance is less than 0.6D, the lateral extent experiences a rapid decrease, and 
finally reaches a magnitude slightly smaller than that in test P2. As mentioned 
above, this is mainly attributed to the restraint from the underlying sand layer as 
well as the localized flow mechanism. This can be verified from the greatly 
mobilized soil flow around spudcan edge shown in Figure 4.36(c). 
It should be noted that as the spudcan approaches the underlying sand layer, drainage 
of excess pore pressure in clay layer close to the clay/sand interface takes place 
inevitably. As such, there should be a certain amount of clay compression, which 
reduces the amount of soil squeezing as well as stiffening the clay. 
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Another important factor to affect the soil squeezing is the sand layer deformation. The 
cumulative soil movement trajectories near the clay-sand interface during spudcan 
penetration are shown in Figure 4.38. The trend of sand movement is similar to that of 
the clay near the interface, exhibiting a vertically compression and radially outward 
squeezing phenomenon. The maximum sand movement occurs at the centre and 
reduces radially outwards. 
As the spudcan gets closer to the sand layer, the cumulative soil movement for both 
clay and sand layer becomes greater. The visual influence zone for clay extends to 
1.25D (9 m) away from the spudcan edge. 
To take a closer view of the sand deformation, the developments of the cumulative 
settlements and horizontal movements are presented in Figures 4.39 and 4.40, 
respectively. The surface settlement is observed to be about 50% greater than that of 
the horizontal displacement for each stage, confirming again the predominant 
compression near the clay/sand interface. For each direction, the distortion extent is 
consistent with what observed from the clay movement analysis surrounding the 
spudcan. The major settlement occurs within the area of the spudcan diameter (D), 
while the maximum lateral displacement takes place at 6 m from centerline (e.g. at the 
spudcan edge). The sand layer movement exhibits a rapid increase from 12 m to 15 m 
penetration depth, which is consistent with the rate of the loading increase shown in 
Figure 4.29. 
The sand layer is compressed and moves downward without any chance to dilate. 
Therefore, the sand should still be at the elastic stage. As such, the settlement of 
clay/sand interface at the spudcan centerline could be roughly estimated from the 
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elastic compression theory, given by 
si IE
qDs )1( 2υ−=        (4.1) 
where q is the uniform pressure, D is the diameter, Is is an influence factor taken as 
unity when at the center and for a circular loading shape. The incremental soil pressure 
with datum to the beginning of spudcan penetration at about 3 m (0.25D) away from 
the centerline and 0.5 m above the sand layer was measured by a total stress transducer 
facing upward in the full-spudcan test A5, as shown in Figure 4.41(a). This recorded 
pressure is deemed to be the pressure acting on the sand surface. In this assessment, 
this pressure is assumed to be the q in Equation 4.1 and uniformly applied over an area 
with a diameter of D = 12 m. As suggested by Ong (2004), the modulus of elasticity E 
= 5.6 s (in MPa) for Toyoura sand, where s is the sand depth (m). This equation can be 
further expressed in terms of effective overburden stress: E = 622 σv’, taking the 
effecitve unit weight of Toyoura sand as 9 kN/m3. In this study E is calculated as 130 
MPa, the average of the modulus throughout the underlying 21 m thick sand layer. 
Poisson’s ratio υ for Toyoura sand was measured by Chaudhary et al. (2004) to be in 
the range of 0.1-0.3. These parameters are subsequently input into the equation and the 
settlement of the sand layer at the spudcan centerline is calculated and compared with 
the experimental results as shown in Figure 4.41 (b). The similarity indicates that the 
magnitude of sand settlement obtained from the experiment appears reasonable. 
The horizontal displacements at different layers adjacent to the clay/sand interface at 
15 m spudcan penetration are compared in Figure 4.42. The displacement at the 
interface is much smaller than that of the clay 0.5 m above the sand layer, indicating 
that the clay layer slides relatively over the underlying sand layer, and hence induces a 
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high shear strain. 
4.4.2.2 Spudcan operation 
The captured images during spudcan operation in test P3 are shown in Figure 4.43, 
while the cumulative soil movement trajectories starting from the beginning of 
operation period are plotted in Figure 4.44. The soil displacement is found to increase 
with the operation period, similar to test P2 (Figures 4.8-4.9). Below the spudcan depth, 
the soil settlement is observed to be much smaller than that in test P2. This can be 
attributed to the very thin clay layer of about 3 m between the spudcan and the 
underlying sand layer, as compared to that in test P2 of more than 20 m. The results 
are consistent with the load-displacement relationship which shows that the spudcan 
settles less than 10 mm, significantly smaller than the 0.22 m recorded in test P2. 
The trajectories form a shape similar to a reverse parabolic arc, but its bottom is 
located at the elevation of the lowest widest cross-section of spudcan. At the end of 
spudcan operation, the height of cavity wall reaches around 3.9 m (0.32D), the same as 
that measured in a single clay layer. 
4.4.2.3 Spudcan extraction 
The captured images at different stages of spudcan extraction are shown in Figure 4.45. 
It is observed that after an initial 0.2 m upward spudcan displacement (at d/df = 0.987), 
the clay layer beneath the spudcan starts to move together with the spudcan and 
separates from the sand layer. Therefore, a cave with a width of D (= 12 m) is formed 
at the interface and gradually develops with a further spudcan extraction. At the 
breakout point (at d/df = 0.94), cracks appear near the boundary of the cave and extend 
upwards. Afterwards, the clay column between spudcan and the underlying sand layer 
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is extracted together with the spudcan till near the end of the extraction, during which 
the cavity formed above the sand layer remains stable and the height continues to 
increase. Until spudcan reaches near the soil surface (at d/df = 0.065), the soil column 
separates from the spudcan base and falls. 
It is found that during the development of cavity above the sand layer, the cavity zone 
is filled with some kind of mixed liquid, which have a transparent texture with white 
color and large random movement within the zone during spudcan extraction. It is 
expected that this mixture is the fresh water sucked from the underlying sand layer. 
This hypothesis can be validated from the print left on the sand surface as the clay 
layer was taken out after experiment, as shown in Figure 4.46. The footprint has a 
diameter of 12 m (1D) and height of 4 m, and consists of saturated sand with a white 
solution. The white solution should be water mixed with white kaolin clay, which 
contrasts clearly with the clear water in sand. Therefore, it can be concluded that the 
water is firstly sucked up from the sand layer and mixed with the white clay, and then 
when suction reduces, the white solution returns to the sand layer and finally forms 
this white print. Since the spudcan extraction rate is only 1mm/s whereas the 
permeability of sand is very high, the time taken for spudcan extraction should be 
compatible with the necessary flow rate through the underlying sand layer. The loss of 
water in sand layer is actually supplemented by the water above the clay surface (close 
to the top of container) via the valve at the container bottom and a plastic tube as 
mentioned in Section 3.3.1. 
This different phenomenon from test P2 (Figure 4.13) might be firstly attributed to the 
much larger bearing load and resultant larger suction developed under the spudcan 
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base. The second reason could be the smaller cohesion between the clay and sand layer 
than that of the clay itself, so the clay might be easier to extract. Finally, the soil plug 
under the spudcan is thinner and hence easier to be extracted and separated from the 
underlying sand layer than directly from the underlying clay. It should be noted that in 
the field, the clay/sand interface may not be so well-marked such as that in the present 
experiment, and hence the spudcan may not be able to extract the whole clay column 
between the spudcan and the clay-sand interface. 
The incremental soil movement trajectories are shown in Figure 4.47. At the beginning, 
the clay is dragged from the adjacent field towards the spudcan base, which is similar 
to that observed in single clay layer. As the maximum uplift load is achieved at d/df = 
0.94), the friction along the boundary of the extracted soil plug is fully mobilized and 
cracks are subsequently generated as shown in Figure 4.47(b). These cracks prevent 
the transition of soil pressure from the adjacent soil to the spudcan base, and thus limit 
the shear failure of the underlying soil induced by base suction, and finally cause the 
reduction of the extraction load. By contrast, the maximum uplift resistance for the 
single clay layer profile in test P2 is mainly due to the suction breakout under the 
spudcan base and the continuum of the clay medium allows a full development of 
suction force. This is also the reason that the required uplift distance to mobilize the 
resistance in clay/sand layered soil is less than that in a single clay layer profile as 
mentioned in Section 4.4.1. 
As the spudcan is extracted between d/df = 0.94 and 0.6, the soil flows from the 
spudcan top to the base of the extracted rigid soil column. Afterwards, with further 
mobilization of the shear plane above the spudcan, the clear vertical slip lines along 
Chapter 4 Soil Flow Mechanism for Spudcan in Soft Clay 
 138
the spudcan boundary distinguishes the upward soil movement of both spudcan and 
attached soil column from the downward movement beyond the central region. These 
slip lines also prevent the soil flow around spudcan so that the soil beside spudcan 
solely moves towards the underlying cavity. 
Until d/df = 0.2, the cavity maintains its shape with only a minor amount of soil 
collapsing into the cavity, and there is also a collapse potential at the mid-height of the 
cavity, see Figure 4.47(f). With further spudcan extraction, the cavity wall becomes 
unstable and collapses quickly. The soil column attached to the spudcan base finally 
falls due to the breakdown of the residual suction. 
4.4.3 Soil movements at pile location 
4.4.3.1 Spudcan penetration 
Figure 4.48 shows the incremental soil movement trajectories at 0.5D away from the 
spudcan edge. Compared to the single clay layer in test P2, both tests show similar 
trends of soil movements, except that the clay movement is prevented near the 
clay-sand interface. The sand movement is negligible at such a small incremental 
spudcan penetration of about 0.1 m. 
The cumulative and incremental soil movements in clay at different spudcan 
penetration stages are shown in Figures 4.49 and 4.50, respectively. A comparison in 
terms of percentage increase in soil movement is summarized in Table 4.3. The trend 
of the lateral and vertical cumulative soil movements in clay/sand layer is similar to 
that in a single clay layer. In clay/sand layered profile, the maximum lateral and 
vertical soil movements occur at the soil depths of 12 m and 6.5 m, respectively, which 
are deeper than the 9 m and 5 m obtained in a single clay layer, mainly caused by the 
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soil squeezing effect. 
Further interpretation comes from the direct comparison of cumulative soil movements 
between single clay layer and clay/sand layered soil as shown in Figure 4.51. Before 6 
m spudcan penetration depths, soil movements are similar as the underlying sand layer 
is still far below the spudcan. Afterwards, the soil movements in clay/sand soil profile 
are larger than those in a single clay layer. The maximum increase in maximum soil 
movement is about 18% at a deep spudcan penetration of 12 m or 15 m. 
To achieve a better understanding of the soil responses at each stage of spudcan 
penetration, the incremental soil movements for every 3 m for both soil profiles are 
plotted in Figure 4.52. Similar to the soil flow around spudcan, the soil behavior in the 
adjacent filed of 0.5D also has three distinct stages: 
1. Firstly, at relatively shallow spudcan penetration depth when the spudcan-sand 
layer clearance is greater than about 1D (e.g. penetration depths of 3 m, 6 m), the 
magnitude of soil movements is similar to that in a single clay layer, except very 
close to the clay/sand interface owing to the restraining effect from the sand layer; 
2. Secondly, as the spudcan-sand layer clearance in the range of 0.6-1D, soil 
squeezing takes place and the maximum incremental soil movement is much 
greater than that in a single clay layer. For example, the lateral and vertical soil 
movements during 9-12 m spudcan penetration are 105 mm and 125 mm 
respectively, which are 40% and 49% larger than that of 63 mm and 64 mm in a 
single clay layer. It should be noted that though the underlying sand layer takes 
effect at great spudcan penetration depths, the magnitude of lateral soil movement 
in test P3 still reduces gradually from 156 mm during 6-9 m spudcan penetration to 
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105 mm during 9-12 m spudcan penetration; meanwhile in the single clay layer, 
the incremental lateral soil movement remains almost the same. This significant 
contrast is because of the localized soil failure mechanism which overcomes the 
effect of soil squeezing and hence causes this reduction in soil movements; 
3. Finally, as the spudcan-sand layer clearance less than 0.6D, localized soil failure 
mechanism dominates and the adjacent soil movement does not exhibit squeezing. 
The even smaller soil movement at 12-15 m compared to that in single clay layer 
can be attributed to the compression due to soil consolidation occurring near the 
interface as well as the sand layer compression as illustrated in Figure 4.53. Both 
serve as the buffer and distribute the additional load due to soil squeezing. 
The sand is compressed and laterally squeezed outwards. The laterally outward 
displacement is attributed to the difference in loading pressures from the above clay 
layer, which decreases when further away from the spudcan centerline. The sand 
displacement of less than 5 mm indicates that the clay movement is the major 
contribution to the pile responses. 
The incremental soil movement trajectories at various distances from spudcan are 
similar to those in a single clay layer as presented in Section 4.3.4.1 (see Figure 4.18), 
with the reduction in soil movement at a greater distance away from the spudcan. The 
cumulative soil displacement contours are directly compared with those in a single 
clay layer (Figures 4.54-4.56) in terms of both lateral and vertical cumulative soil 
movements at deep penetration depths from 9 m to 15 m where the soil squeezing 
takes place. The soil movement contours are only compared at typical magnitudes of 
soil movement for clarification. 
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The soil movement contours have similar shapes as those in a single clay layer, except 
an obvious soil movement reduction near the clay/sand interface. Take the lateral 
movement contour line of 0.03 m at 15 m spudcan penetration depth as an example 
(see Figure 4.56(b)). This contour line is stopped at the clay/sand interface, which is 4 
m below the spudcan elevation. While in a single clay layer, the zone can extend as far 
as about 28 m soil depth (13 m below the spudcan), which potentially causes much 
larger stress on the pile at the lower part. 
The soil squeezing is evident within 1D away from the spudcan edge, and becomes 
more severe at a smaller distance from the spudcan. Beyond 1D, no obvious squeezing 
is detected. 
For a better understanding of the difference in soil movement, a comparison of the 
maximum soil displacements at various distances is presented in Figure 4.57. The 
trend for both tests is similar, with a reduction in soil movement at a further distance 
away from the spudcan. Since the difference in soil movements between these two soil 
profiles is the most severe at 0.25D and becomes negligible at 1.25D, the reduction 
ratio (soil movement at 1.25D to 0.25D) is greater in clay/sand layered soil. Therefore, 
compared to the single clay layer, the distance effect is more critical in clay/sand 
layered soil. 
The development of maximum soil displacement with spudcan penetration is presented 
and compared with that in the single clay layer in Figure 4.58. It is evident that the 
increased soil movements due to soil squeezing become greater at a deeper spudcan 
penetration, and reach the maximum at 15 m spudcan penetration. 
In summary, soil squeezing is observed in clay/sand layered soil, which mainly 
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increases both lateral and vertical soil displacement in the adjacent field. However, the 
vertical extension is also limited by the underlying sand layer, and is thus smaller than 
that of a single clay layer. As such, the pile performance is determined by the 
counterbalance between these two effects, as will be elaborated in Chapter 6. 
4.4.3.2 Spudcan extraction 
The trajectories of soil movements during spudcan operation are similar to those in the 
single clay layer and therefore are not presented here. The incremental soil movement 
trajectories at 0.5D during spudcan extraction are presented in Figure 4.59. The major 
difference from test P2 (Figure 4.28) is the smaller amount of soil being dragged 
towards spudcan at the beginning due to the prevention from the underlying sand layer. 
4.4.4 Effect of pile presence on soil movement 
Test P4 was conducted to study the effect of pile presence on soil movement. 
Compared to test P3, the program and setup in test P4 are the same as shown in Figure 
4.60, except that a semi-circular dummy pile was placed at about a clearance of 0.5D 
from the spudcan edge. This pile with a diameter of 1.26 m and a total length of 27 m 
was embedded in a 19-m thick clay and socketed 8 m into the underlying sand layer. 
The pile was fixed at the head and pressed tightly on the inner surface of the 
transparent perspex. In order to reduce the friction between pile and perspex as well as 
prevent clay from squeezing inside, the cross-section of the pile was coated with a thin 
layer of grease. Since this grease has a dark green color and was squeezed outwards by 
the large lateral soil pressure generated during centrifuge spinning, the lower portion of 
the pile appeared to have a larger diameter. 
The cumulative soil movement trajectories and contours at 3 m and 12 m spudcan 
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penetration depths are shown in Figure 4.61 and 4.62, respectively. The soil movement 
trajectories exhibit a discontinuity in magnitude at the back of the pile as compared to 
that at the front, with a much smaller value than that of the latter. Compared to the free 
field soil movement at the right side of the spudcan, the soil movements at the front 
and back of the pile seem to be always smaller if at the same distance from the 
spudcan. 
From the lateral and vertical soil displacement contours, it is found that the contour 
lines with a relatively large magnitude is terminated at the front of pile, while only the 
contour line with a small magnitude can pass through the pile, but still exhibits a 
discontinuity. For example, the lateral movement contour line of 0.2 m at 12 m 
spudcan penetration depth (see Figure 4.62(b)) is able to extend to 1D (12 m) away 
from the spudcan edge if no pile is presented, as can be seen at the right side of the 
spudcan. However, due to the presence of pile, the contour line rotates to almost 
vertically upwards at about 1.2 m front of the pile. Therefore, the extent is only 0.4 D 
(5 m) from the spudcan edge, less than 50% of that for the free-field soil movement at 
the right side of spudcan. At the furthest distance that can be obtained in test P4 of 21 
m, the maximum lateral movement is 0.05 m, which is only about 50% of the free field 
soil movement at the same location. 
As indicated by the trajectories and contours, the presence of pile obstructs the soil 
from moving outwards and upwards. The reduction of lateral soil movement is deemed 
to be transferred to the lateral front pressure and side friction on the pile, while the 
reduction of vertical soil movement is transferred to the vertical friction on the pile. 
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4.5 Comparison with Previous Studies 
The large soil deformation caused by the penetration of shallow foundation and piles 
as reviewed in Chapter 2 will be compared with the present research findings in the 
following sub-sections. 
4.5.1 Comparison with studies on shallow footing induced soil movement 
The soil flow pattern in the present study exhibited the same trend as Purwana (2007) 
and that from the large deformation analysis and centrifuge tests carried out in UWA 
shown in Figures 2.2 and 2.3, with a transition from general bearing capacity 
mechanism at shallow spudcan penetration to localized flow mechanism when spudcan 
penetrates deeply. 
In the adjacent soil field, during spudcan penetration, the soil is mainly squeezed 
outward and there is also a slight back flow near the soil surface as shown in Figure 
4.63. This finding is consistent with that observed by Craig and Chua (1990a, 1991) in 
Figure 2.6. 
The lateral soil movement at 0.5D away from the spudcan edge shown in Figure 4.16 
is always much greater than that calculated by Siciliano et al. (1990) in Figure 2.7, 
possibly because of a greater shear strength profiles in the latter study (Figure 2.45). It 
is further found that in Siciliano et al. (1990) the elevation of the maximum lateral soil 
movement shifts downward with spudcan penetration and always coincides with the 
spudcan level; whereas in the present study this elevation lowers down at a shallow 
spudcan penetration depth and remains at 9 m soil depth once the spudcan is deeply 
embedded in soft clay and localized soil failure mechanism takes place (i.e. after a 
penetration depth of 0.75D). 
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Since in Siciliano et al. (1990), the soil displacement was estimated by best fitting the 
bending moment profiles with beam-column model, this difference can be attributed to 
the improper use of p-y curve. Take a simple soil model (i.e. elastic-perfectly plastic 
model) as an example, and the corresponding yp −  curve is shown in Figure 4.64. It 
is known that if the soil is in an elastic stage (denoted by A), the linear stress-strain 
relationship allows the simple calculation of soil movement by the soil pressure on pile. 
However, if the soil displacement is large enough that it reaches the plastic stage, 
which is the typical soil behavior during spudcan penetration, the status denoted by B 
would have different soil-pile relative displacement from C, though the corresponding 
pressure on the pile is identical. In other words, the input of different soil 
displacements corresponding to the status B or C respectively would lead to the same 
predicted pile bending moment. Furthermore, the authors observed that there is soil 
back-flow above the spudcan. This back flow would cause an unloading on pile, and 
the corresponding status can be denoted by D. Assuming status A and D have the same 
soil pressure on pile, evidently they also have different relative soil-pile displacements, 
although status A is at elastic loading stage, while D is during unloading. 
Hence, it can be expected that the solution by Siciliano et al. (1990) represents the 
lower bound of the solution range, since the input of soil displacement should increase 
in a gradual manner until the result firstly matches the bending moment data. 
Therefore, the solution proposed by Siciliano et al. (1990) likely does not represent the 
actual soil displacement profile and is hence unsuitable for use in the pile design. 
4.5.2 Comparison with studies on pile induced soil movement 
Comparing the lateral movement contour in Figure 4.24(a) with that reported by 
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Sagaseta and Whittle (2001) in Figure 2.8(a), the gradual dispersion of soil movement 
from the immediate vicinity of spudcan to outward is evident for both cases. However, 
the contour lines close to spudcan in the present study do not extend to the soil surface, 
which is different from Figure 2.8(a). With respect to vertical soil displacement, there 
is a settlement bulb below the spudcan as shown in Figure 4.24(b), which is defined as 
the area within the ‘0’ contour line, while above this line is the upward soil movement. 
This pattern is similar to Sagaseta and Whittle (2001) in Figure 2.8(b), except in the 
latter case the contour line near the soil surface is almost vertical which implies 
uniform upward soil movement induced by pile. While in the present study, due to the 
soil backflow around the spudcan, contour lines near the soil surface inflect towards 
the spudcan at a distance less than 0.75D away from the spudcan edge, beyond which 
the contour lines turn away from the spudcan. 
Lateral soil displacement during spudcan penetration in Figure 4.16(a) is also similar 
to that during pipe pile penetration in soft clay measured by Xu et al. (2006) (see 
Figure 2.9(a)). For both cases, the maximum soil movement and vertical extent of soil 
movement initially increase with footing penetration depth. While after a certain 
penetration, 6 m for pile and 9 m for spudcan, the maximum soil movement does not 
increase any more, and the corresponding elevations maintain at the same soil depth, 
4.7 m and 9 m for pile and spudcan respectively. 
With regard to vertical displacements at 0.5D shown in Figure 4.16(b), the similarity 
with Chow and Teh (1990) in Figure 2.10 is that the soil moves predominantly 
upwards with the maximum occurring near the soil surface. At a short distance below 
the foundation, downward soil movement is also observed. For pile, the upward soil 
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movement at the surface increases rapidly at the beginning, and stabilizes when the 
pile penetrates deeply. Whereas for spudcan, due to the soil backflow, the upward soil 
movement decreases as the spudcan penetrates greater than 9 m. 
In summary, the failure pattern for spudcan and pile penetration is similar except that 
the soil backflow is typical for the spudcan case. This difference would affect the 
responses of adjacent piles. 
4.6 Summary 
A series of half-spudcan tests has been carried out to investigate the corresponding soil 
flow mechanism associated with spudcan penetration, operation and extraction. PIV 
has been successfully applied to analyze the test data to identify the soil flow patterns. 
There are two distinct stages with regard to soil movements during spudcan 
penetration in a single clay layer. The soil movements during shallow spudcan 
penetration are determined by the general bearing capacity failure mechanism, while 
those during deep penetration are influenced by the deep failure mechanism with the 
soil flowing locally around spudcan. A spudcan penetration of 0.75D is deemed to be 
the onset of the deep soil failure mechanism. The influence zone at shallow penetration 
depths is about 0.83D away from spudcan edge and nearly 1D below the spudcan base; 
while at deep penetration depths, the influence zone is found to be within about 0.42D 
away from spudcan edge and 0.75D below spudcan. 
The increase in soil movements from the soil squeezing effect by the underlying sand 
layer initiates when the spudcan-sand layer clearance is less than 1D. Afterwards, the 
vertically pressed clay below the spudcan gradually transits to move along the 
boundary of a clay triangle formed above the sand layer and then contributes to the 
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increase of soil movements in the adjacent field. It is found that the soil behavior is 
determined by the combination of soil squeezing effect and localized soil flow 
mechanism. The soil flow localization can be from the deeply embedded spudcan itself 
and the restraint from the underlying sand layer. When the spudcan-sand layer 
clearance is between 0.6-1D, the soil movements are significantly increased of about 
13-17% since the effect of soil squeezing is predominant. The zone for soil squeezing 
extends to about 1.25D away from the spudcan edge. On the contrary, when the 
spudcan-sand layer clearance is less than 0.6D, the incremental soil movements 
become less than those in single clay layer due to the localized soil flow. The 
deformation of the underlying sand layer is observed to be small. 
It is further found that although soil squeezing leads to the increase in soil 
displacement in the adjacent field in clay/sand layered soil, the vertical extension of 
soil displacement is also limited by the underlying sand layer. The pile performance 
should be determined by the counterbalance between these two effects, as will be 
elaborated in Chapter 6. 
The study on the soil movements at different distances away from the spudcan edge 
shows that both lateral and vertical soil movements become smaller at a further 
distance from spudcan. The zone with significant soil backflow is within the area 
around 0.25D away from the spudcan edge, and beyond 0.75D the backflow is 
negligible. 
The soil reconsolidation during spudcan operation prevails for both soil profiles. Soil 
mainly moves downwards and also inwards towards the spudcan centerline. The lateral 
influence zone extends to 1D from the spudcan edge. During spudcan extraction, the 
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soil is dragged towards spudcan base due to suction under the spudcan base. The soil 
flows locally around spudcan in single clay layer, while a clay column is extracted 
together with spudcan in clay/sand layered profile. 
The half-spudcan test with a semi-circular dummy pile at 0.5D away from the spudcan 
edge reveals that the soil is obstructed from moving laterally outward and vertically 
upward by the presence of pile. 
The comparison with the previous studies on shallow footing penetration confirms the 
validity and improvement of the present study. The second comparison between 
spudcan and pile penetration indicates that the soil movement pattern subjected to 
foundation penetration is similar. The major difference comes from the unique soil 
backflow around the spudcan. 
After the investigation of soil flow mechanism, the pile responses will be subsequently 
presented in subsequent Chapters 5 and 6. 
Chapter 4 Soil Flow Mechanism for Spudcan in Soft Clay 
 150
Table 4.1. Half-spudcan test program (prototype scale). 
 











Note: For all tests, operation load = 50% of maximum installation load; operation 
period = 400 days for test P1 and 415 days for the other tests. 
 
Table 4.2. Selected full-spudcan tests for comparison (prototype scale). 
 










A5 12 15 19 21 
A10 12 15 37 3 
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Table 4.3. Increased soil movements due to soil squeezing. 
 
(a) Incremental lateral soil movement (mm). 
 
 Single clay(test P5) 
Clay/sand
(test P3) Difference 
0-3 m 201 192 -4.48% 
3-6 m 176 183 3.83% 
6-9 m 101 156 35.26% 
9-12 m 63 105 40.00% 
12-15 m 74 51 -31.08% 
 
(b) Cumulative lateral soil movement (mm). 
 
 Single clay(test P5) 
Clay/sand
(test P3) Difference 
3 m 201 192 -4.48% 
6 m 309 325 4.92% 
9 m 351 374 6.15% 
12 m 348 420 17.14% 
15 m 335 413 23.28% 
 
(c) Incremental vertical soil movement (mm). 
 
 Single clay(test P5) 
Clay/sand
(test P3) Difference 
0-3 m 179 169 -5.59% 
3-6 m 180 177 -1.69% 
6-9 m 111 151 26.49% 
9-12 m 64 125 48.80% 
12-15 m 73 59 -19.18% 
 
(d) Cumulative vertical soil movement (mm). 
 
 Single clay(test P5) 
Clay/sand
(test P3) Difference 
3 m 179 169 -5.59% 
6 m 299 296 -1.01% 
9 m 369 399 7.52% 
12 m 375 434 13.59% 
15 m 366 432 18.03% 
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Half spudcan test P2 (*2)




















Figure 4.1. Comparison of load-displacement curves between half-spudcan and 
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    (a) 3 m         (b) 6 m 
 
   
 
    (c) 9 m         (d) 12 m 
 
    
 
(e) 15 m         (f) 16.2 m 
 
Figure 4.2. Images captured during spudcan penetration (test P2). 
 






(a) Soil movement trajectories       (b) Velocity contour 
 
 
(c) Velocity contour (lateral component)  (d) Velocity contour (vertical component) 
 
Figure 4.3. Incremental soil movement trajectories and normalized velocity contours 
















(a) Soil movement trajectories       (b) Velocity contour 
 
 
(c) Velocity contour (lateral component)  (d) Velocity contour (vertical component) 
 
Figure 4.4. Incremental soil movement trajectories and normalized velocity contours 
















(a) Soil movement trajectories       (b) Velocity contour 
 
 
(c) Velocity contour (lateral component)  (d) Velocity contour (vertical component) 
 
Figure 4.5. Incremental soil movement trajectories and normalized velocity contours 
















(a) Soil movement trajectories       (b) Velocity contour 
 
 
(c) Velocity contour (lateral component)  (d) Velocity contour (vertical component) 
 
Figure 4.6. Incremental soil movement trajectories and normalized velocity contours 
















(a) Soil movement trajectories       (b) Velocity contour 
 
 
(c) Velocity contour (lateral component)  (d) Velocity contour (vertical component) 
 
Figure 4.7. Incremental soil movement trajectories and normalized velocity contours 










Chapter 4 Soil Flow Mechanism for Spudcan in Soft Clay 
 159
   
 
  (a) Beginning of operation      (b) 100 days 
 
    
 




(e) 415 days (end of operation) 
 
Figure 4.8. Images captured during spudcan operation (test P2). 
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(a) 100 days 
 
(b) 200 days 
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(c) 300 days 
 
(d) 415 days (end of operation) 
Figure 4.9. (cont.) Cumulative soil movement trajectories during spudcan operation 
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Spudcan subjected to a net working 
load of 7.1 MN for half-spudcan,












































Central cavity wall collapse
 
 
Figure 4.11. Soil surface settlement during operation period (test P2). 
 
Bottom of  
cavity wall 
0.25D 1.25D 
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(a) 16.4 m (1) (beginning of extraction)   (b) 14.7 m (0.89) (breakout) 
 
    
(c) 13.1 m (0.8)                       (d) 9.8 m (0.6) 
 
    
(e) 6.6 m (0.4)        (f) 3.3 m (0.2) 
 
Figure 4.12. Images captured during spudcan extraction (test P2). 
(number in bracket refers to normalized spudcan depth = spudcan depth / spudcan 
depth at the beginning of extraction) 
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(g) 1.44 m (0.088)                 (h) 0 m (0) 
(spudcan separating from clay) 
 
Figure 4.12. (cont.) Images captured during spudcan extraction (test P2). 
(number in bracket refers to normalized spudcan depth = spudcan depth / spudcan 
depth at the beginning of extraction) 
 
 
(a) 16.4 m to 16.3 m (beginning of extraction) 
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(b) 14.7 m to 14.6 m (breakout) 
 
(c) 13.1 m to 13 m (0.8) 
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(d) 9.8 m to 9.7 m 
 
(e) 6.6 m to 6.5 m 
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(f) 3.3 m to 3.2 m 
 
(g) 1.44 m to 1.34 m (spudcan separating from clay) 
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Half spudcan test P2 (*2)
Half spudcan test P5 (*2)






Figure 4.14. Load-displacement curve for deep spudcan penetration and its comparison 
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(a) Lateral soil displacement     (b) Vertical soil displacement 
Figure 4.16. Cumulative soil displacements at 0.5D during spudcan penetration 
(test P5). 
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(a) Lateral soil displacement     (b) Vertical soil displacement 
Figure 4.17. Incremental soil displacements at 0.5D during spudcan penetration 
(test P5). 
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(a) (3.002 m to 3.055 m) penetration depth 
 
 
(b) (11.955 m to 12.072 m) penetration depth 
 
Figure 4.18. Incremental soil movement trajectories at different distances from 
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(a) Before 9 m penetration depth 
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(b) After 9 m penetration depth 
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 (a) Lateral displacement contour     (b) Vertical displacement contour 
(unit: m)           (unit: m) 
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 (c) Lateral displacement magnitude  (d) Vertical displacement magnitude 
 
Figure 4.20. Cumulative soil displacement contours and magnitudes at 3 m spudcan 
penetration depth (test P5). 
0.25D  0.5D 0.75D 1D 1.25D 0.25D  0.5D 0.75D 1D 1.25D 
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 (a) Lateral displacement contour     (b) Vertical displacement contour 
(unit: m)           (unit: m) 
-100 0 100 200 300 400 500 600 700
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 (c) Lateral displacement magnitude  (d) Vertical displacement magnitude 
 
Figure 4.21. Cumulative soil displacement contours and magnitudes at 6 m spudcan 
penetration depth (test P5). 
0.25D  0.5D 0.75D 1D 1.25D 0.25D  0.5D 0.75D 1D 1.25D 
Chapter 4 Soil Flow Mechanism for Spudcan in Soft Clay 
 175
 
     
 (a) Lateral displacement contour     (b) Vertical displacement contour 
     (unit: m)           (unit: m) 
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 (c) Lateral displacement magnitude  (d) Vertical displacement magnitude 
 
Figure 4.22. Cumulative soil displacement contours and magnitudes at 9 m spudcan 
penetration depth (test P5). 
0.25D  0.5D 0.75D 1D 1.25D 0.25D  0.5D 0.75D 1D 1.25D 
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 (a) Lateral displacement contour     (b) Vertical displacement contour 
   (unit: m)           (unit: m) 
-100 0 100 200 300 400 500 600 700
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 (c) Lateral displacement magnitude  (d) Vertical displacement magnitude 
 
Figure 4.23. Cumulative soil displacement contours and magnitudes at 12 m spudcan 
penetration depth (test P5). 
0.25D  0.5D 0.75D 1D 1.25D 0.25D  0.5D 0.75D 1D 1.25D 
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 (a) Lateral displacement contour     (b) Vertical displacement contour 
    (unit: m)           (unit: m) 
-100 0 100 200 300 400 500 600 700
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 (c) Lateral displacement magnitude  (d) Vertical displacement magnitude 
 
Figure 4.24. Cumulative soil displacement contours and magnitudes at 15 m spudcan 
penetration depth (test P5). 
0.25D  0.5D 0.75D 1D 1.25D 0.25D  0.5D 0.75D 1D 1.25D 

















































































































0 0.25 0.5 0.75 1 1.25
Maximum lateral displacement Maximum vertical displacement
 
 
Figure 4.25. Comparison of maximum lateral and vertical soil displacements at 
different distances from spudcan edge during spudcan penetration (test P5). 
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(a) Lateral displacement        (b) Vertical displacement 
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Clay/sand (full spudcan test A5)
Clay/sand (half spudcan test P3) (*2)
Single clay (full spudcan test A10)





Note: In clay/sand, the sand layer
is 19 m below the clay.
 
Figure 4.29. Comparison of load-displacement curves between single clay layer and 
























   
 
(a) 3 m            (b) 6 m 
 
   
 
(c) 9 m              (d) 12 m 
 
   
 
(e) 15 m         (f) 15.9 m 
 
 
Figure 4.30. Images captured during spudcan penetration (test P3). 
 






(a) Soil movement trajectories       (b) Velocity contour 
 
 
(c) Velocity contour (lateral component)  (d) Velocity contour (vertical component) 
 
Figure 4.31. Incremental soil movement trajectories and normalized velocity contours 
















(a) Soil movement trajectories       (b) Velocity contour 
 
 
(c) Velocity contour (lateral component)  (d) Velocity contour (vertical component) 
 
Figure 4.32. Incremental soil movement trajectories and normalized velocity contours 
















(a) Soil movement trajectories       (b) Velocity contour 
 
 
(c) Velocity contour (lateral component)  (d) Velocity contour (vertical component) 
 
Figure 4.33. Incremental soil movement trajectories and normalized velocity contours 


















(a) Soil movement trajectories       (b) Velocity contour 
 
 
(c) Velocity contour (lateral component)  (d) Velocity contour (vertical component) 
 
Figure 4.34. Incremental soil movement trajectories and normalized velocity contours 








Slip line α=45o α=45o 
Scale factor: 
0.1 m 






(a) Soil movement trajectories       (b) Velocity contour 
 
 
(c) Velocity contour (lateral component)  (d) Velocity contour (vertical component) 
 
Figure 4.35. Incremental soil movement trajectories and normalized velocity contours 

















(a) Soil movement trajectories       (b) Velocity contour 
 
 
(c) Velocity contour (lateral component)  (d) Velocity contour (vertical component) 
 
Figure 4.36. Incremental soil movement trajectories and normalized velocity contours 
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Single clay layer (test P2)
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Single clay layer (test P2)
Clay/sand layer (test P3)
 
(a) Lateral extent of velocity    (b) Vertical extent of velocity 
 
0 0.2 0.4 0.6 0.8 1
Normalized lateral extent 
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Single clay layer (test P2)
Clay/sand layer (test P3)
 
        (c) Lateral extent of velocity    (d) Vertical extent of velocity 
with lateral component                with vertical component 
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(a) 3 m 
(b) 6 m 
(c) 9 m 
(d) 12 m 
(e) 15 m 
Figure 4.38. Trajectories of cumulative soil displacement near the clay/sand interface 
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(E = 130 MN/m2,
  v = 0.1)
Estimation
(E = 130 MN/m2,
  v = 0.3)
Experimental results
 
(a) Soil pressure near centerline     (b) Estimated sand layer settlement 
(0.5 m above sand layer) (test A5)     at the spudcan centerline 
 
Figure 4.41. Validation of sand settlement. 
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0.5 m below interface
Interface
0.5 m above interface





Figure 4.42. Horizontal displacement profiles at different layers adjacent to the 






Stress transducer 0.5 m 
above the sand layer, and 
3 m away from centreline
Clay 
Sand 





   
 
(a) Beginning of operation                  (b) 100 days 
 
   
 




(e) 415 days (end of operation) 
 
 
Figure 4.43. Images captured during spudcan operation (test P3). 
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(a) 100 days 
 
(b) 200 days 
 





Chapter 4 Soil Flow Mechanism for Spudcan in Soft Clay 
 196
 
(c) 300 days 
 
(d) 415 days (end of operation) 
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(c) 15 m (0.94) (breakout)         (d) 12.8 m (0.8) 
 
   
   
(e) 9.6 m (0.6)                            (f) 6.4 m (0.4) 
 
 
Figure 4.45. Images captured during spudcan extraction (test P3). 
(number in bracket refers to normalized spudcan depth = spudcan depth / spudcan 
depth at the beginning of extraction) 
Clay starts to separate 
from sand layer 
Cracks appears and prevents 
the pressure transition 
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(g) 3.2 m (0.2)        (h) 1 m (0.065) 
Figure 4.45. (cont.) Images captured during spudcan extraction (test P3). 
(number in bracket refers to normalized spudcan depth = spudcan depth / spudcan 





Figure 4.46. Footprint left in sand layer after experiment (test A5). 
Clay 
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(a) 16 m to 15.9 m (beginning of extraction) 
 
(b) 15 m to 14.9 m (breakout: 0.94) 
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(c) 12.8 m to 12.7 m (0.8) 
 
(d) 9.6 m to 9.5 m (0.6) 
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(e) 6.4 m to 6.3 m (0.4) 
 
(f) 3.2 m to 3.1 m (0.2) 
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(a) Lateral soil displacement    (b) Vertical soil displacement 
Figure 4.49. Cumulative soil displacements at 0.5D in clay during spudcan penetration  
(test P3). 
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(a) Lateral soil displacement    (b) Vertical soil displacement 
 
Figure 4.50. Incremental soil displacements at 0.5D in clay during spudcan penetration  
(test P3).
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Figure 4.51. Cumulative soil displacements at 0.5D away from the spudcan edge (test P3 versus P5). 
3 m 6 m 9 m 12 m 15 m
Lateral movement 
Vertical movement 
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Figure 4.52. Incremental soil displacements at 0.5D away from the spudcan edge with an interval of 3 m (test P3 versus P5). 
0-3 m 3-6 m 6-9 m 9-12 m 12-15 m
Lateral movement 
Vertical movement 
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(a) Lateral soil displacement    (b) Vertical soil displacement 
 
Figure 4.53. Cumulative soil displacements in sand at 0.5D away from the spudcan 
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 (a) Lateral displacement contour     (b) Comparison with single layer 
      
 (c) Vertical displacement contour     (d) Comparison with single layer 
Figure 4.54. Comparison of cumulative soil displacement contours at different 
distances from spudcan at 9 m spudcan penetration depth 
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 (a) Lateral displacement contour     (b) Comparison with single layer 
        
 (c) Vertical displacement contour     (d) Comparison with single layer 
Figure 4.55. Comparison of cumulative soil displacement contours at different 
distances from spudcan at 12 m spudcan penetration depth  
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 (a) Lateral displacement contour     (b) Comparison with single layer 
      
 (c) Vertical displacement contour     (d) Comparison with single layer 
Figure 4.56. Comparison of cumulative soil displacement contours at different 
distances from spudcan at 15 m spudcan penetration depth  
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Maximum lateral displacement Maximum vertical displacement
 
 
Figure 4.57. Comparison of maximum lateral and vertical soil displacements at 
different distances from spudcan edge during spudcan penetration 
(test P5 versus P3). 
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(a) Lateral displacement 
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(b) Vertical displacement 
 
Figure 4.58. Comparison of the development of the maximum soil displacement 
during spudcan penetration (test P5 versus P3). 
 
 




































































































































































Semi-circular dummy pile 
with 1.26 m diameter 













(b) Lateral soil movement contour   (c) Vertical soil movement contour 
 
Figure 4.61. Effect of pile presence on the cumulative soil displacement at 3 m 

















(b) Lateral soil movement contour   (c) Vertical soil movement contour 
 
Figure 4.62. Effect of pile presence on the cumulative soil displacement at 12 m 












Figure 4.63. Soil deformation at d/D = 1.75 (test P5).  
 
 
































Effect of Spudcan on Free-Headed Pile 
 
5.1 Introduction 
Centrifuge tests have been conducted in the present study to investigate the effect of 
spudcan penetration/extraction on adjacent pile foundations. As pointed out in Chapter 
1, the realistic pile head condition is somewhere between free-head (free rotation and 
free deflection) and fixed-head (no rotation and no deflection). As such, the effects of 
spudcan on piles with these two extreme conditions were examined in the present 
study and the results are detailed in Chapter 5 and 6 for free-headed piles and 
fixed-headed piles, respectively. Both lateral and axial pile responses during the 
penetration/extraction of a full-spudcan were monitored in the experiments. The 
corresponding free field soil movements as presented in Chapter 4 contributed to the 
overall understanding of the observed pile responses. 
The test program consists of a total of 9 experiments, and is summarized in Table 5.1. 
These experiments are classified into 4 series of tests. The schematic representation of 
these test series are shown in Table 5.2 for ease of visualization. 
5.2 Typical Test Results (Test F1) 
A typical experiment (test F1) with a 0.5D spudcan-pile clearance, a preload ratio of 
0.5 and operation period of 400 days will be presented in detail first. 
The loading pressure-displacement relationship for a 12-m diameter spudcan has been 
detailed in Chapter 4 and the difference from that of a 10-m diameter spudcan is shown 
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in Figure 5.1. As the difference in bearing pressure (load measured by load cell above 
spudcan divided by spudcan projected area) is about 10%, the influence of spudcan 
size is not significant and the pile responses could possibly be normalized by the 
spudcan diameter. This hypothesis will be further examined in Chapter 6. 
5.2.1 Lateral pile responses 
5.2.1.1 Spudcan penetration 
The measured pile bending moment profiles in test F1 at 5 different spudcan 
penetration depths are shown in Figure 5.2. Negative bending moment denotes the pile 
bending towards spudcan, and vice versa. At a relatively shallow spudcan penetration 
depth (i.e. before 6 m), the negative bending moment gradually increases with the 
spudcan penetration depth and the depth of maximum moment gradually shifts 
downwards. For example, when the spudcan penetration is at 3 m depth, the largest 
pile bending moment occurs at 17 m soil depth; while with 6 m spudcan penetration, 
the largest bending moment occurs at a lower depth of 19.5 m beneath the ground 
surface. It should be noted that due to the interval of 2.5 m (in prototype) between two 
adjacent pairs of strain gauges along the pile, the location of the recorded maximum 
bending moment may not necessarily coincide with the exact location of the actual 
maximum bending moment. 
At shallow spudcan penetration depths, much of the soil movements due to spudcan 
penetration also occur at shallow depths as obtained in half-spudcan test P1 shown in 
Figure 5.3. These outward soil movements would push the pile top to deflect slightly 
away from the spudcan but there would be a kick back in the mid-pile section resulting 
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in pile bending towards the spudcan, as denoted by the negative bending moments at 3 
m and 6 m spudcan penetration depths in Figure 5.2. 
As the spudcan penetrates further (e.g. at 12 m and 15 m depth), the soil movement 
extends deeper and the greatest soil movement takes place at some depths beneath the 
ground surface. This significant soil movement would push the mid-section of the pile 
and cause it to bend away from the spudcan, as represented by the positive bending 
moments in the right hand side of Figure 5.2. The pile bending is in the opposite 
direction to that at a shallow spudcan penetration depth. 
It can be established from the present study that at a shallow spudcan penetration depth 
(i.e. before a depth of 6 m, 0.6 times spudcan diameter), the soil movement as well as 
soil pressure concentrates at the upper part of the pile, and causes the pile to bend like 
a cantilever wall. For deep penetration (i.e. after a penetration of 12 m, 1.2 times 
spudcan diameter), the soil movement and soil pressure mainly focus at the mid-pile 
section and the pile behaves like a hinged-girder. 
Figure 5.4 reveals the change in pile bending direction during spudcan penetration. 
The bending moment profiles shown correspond to spudcan penetration depths of 6 m 
to 11.8 m. It can be observed that the pile bending profile gradually changes from 
towards the spudcan (negative) to away from the spudcan (positive). The elevation of 
maximum moment gradually shifts downwards, as denoted by the two dashed lines in 
Figure 5.4. When the spudcan penetrates to 10 m depth, the bending moments at both 
directions are approximately the same and this could be taken as the “turning point”. 
It is noted that the deepest strain gauges are located at a depth of 24.5 m. Therefore, 
the pile response below this level is difficult to determine due to the pile being 
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socketed 1 m into the underlying dense sand layer. Although the bending moment at 
pile toe should be zero, the bending moment distribution along the short section 
between 24.5 m soil depth and pile toe (at 27 m) for different spudcan penetration 
depths may not vary linearly. 
To interpret the bending moment results further, detailed strain gauge readings at 
different pile depths are plotted against the spudcan penetration depth, as shown in 
Figure 5.5. Two envelopes are also plotted in the figure to illustrate the bounds of 
induced maximum bending moments for all spudcan penetration depths. The 
maximum negative bending moment is about 1960 kNm, or 8.5% of the pile structural 
capacity (estimated to be 23 MNm). The elevation of the maximum moment occurs at 
19.5 m as the spudcan penetrates to 6 m depth. For the envelope 2 shown on the right 
hand side of Figure 5.5, the maximum moment value is about 2270 kNm, or 10% of 
the pile moment capacity. The maximum moment occurs at the same 19.5 m depth 
when the spudcan penetrates about 14.2 m. 
Figures 5.6(a) and (b) show the induced pile head deflection and pile shaft deflection 
profiles, respectively. The pile head deflection at the ground surface is extrapolated 
from the readings obtained from the 2 laser transducers placed at different heights on 
the exposed part of the pile head above the ground surface. The pile shaft deflection 
profile is obtained by integration from the bending moment distribution, using the 
calculated pile head deflection and rotation as the 2 boundary conditions. 
Figure 5.6(a) reveals that the pile head deflection can be reasonably represented by two 
straight lines. For shallow penetrations, the pile head deflection increases at a rate of 
21.3 mm/m spudcan penetration depth. Figure 5.6(b) shows that the pile shaft 
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deflection continues to increase until the spudcan penetrates to 9 m depth and the 
convex shape denotes the pile bending towards the spudcan. 
When the spudcan penetrates further, the pile head deflection increases at a much 
slower rate of 9.3 mm/m depth, which is only 44% of that at shallower spudcan 
penetration depth. This rate reduction occurs simultaneously with the occurrence of 
localized soil flow mechanism, i.e. at 9 m penetration depth. The latter is revealed in 
Figure 5.3(b) in terms of the similar magnitudes of incremental soil displacement after 
9 m spudcan penetration depth. Meanwhile, the shaft deflection changes to a concave 
shape indicating pile bending away from spudcan. These trends suggest that much of 
the effects due to spudcan penetration concentrate around the mid-pile section. 
The deflection near the pile toe is observed to change from one direction to the other. 
This phenomenon and the earlier mentioned change in bending moment direction are 
due to the lowering of the elevation of the maximum soil movement as the spudcan 
penetrates deeper. It is noted in Figure 5.6(a) that the pile head deflection is not zero at 
the beginning of spudcan penetration because the initial condition is defined to be the 
spudcan penetrates till the spudcan base is fully in contact with soil, during which 
minor deflection could have taken place. 
Similar to Chen (1994) who divided the soil into upper unstable layer and lower stable 
layer as shown in Figure 2.19, the spudcan-pile interaction mechanism can also be 
proposed analogically in Figure 5.7. In the upper layer with pile deflection less than 
lateral soil displacement, the pile is subjected to passive earth pressure which mainly 
comes from the soil displacement induced by spudcan penetration; whereas in the 
lower part when the pile deflection is greater than the soil displacement, this pile 
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section can be deemed as a laterally loaded pile. The lengths of passive and active pile 
segments would increase and decrease respectively at a greater spudcan penetration 
depth, which leads to the change in pile bending patterns as elaborated above. 
5.2.1.2 Spudcan operation 
Spudcan operation is set to begin after the transition from maximum installation load 
to operational load. Since the development of pile responses during the transition has 
similar trend as that of spudcan operation, it is introduced herein rather than in the 
above section for spudcan penetration. 
Figure 5.8 shows the development of maximum induced pile bending moment from 
the instance of preload application, followed by unloading to 50%, and then 
maintained till the end of operation. The very short duration of preload and unloading 
process (usually 1 to 2 days) is purposely scaled up to facilitate visualization. The test 
data reveal the maximum pile bending moment always occurs at around 19.5 m 
beneath the ground surface, and thus only the bending moment at this soil level is 
presented herein. During the unloading process when the spudcan preload is reduced to 
the operation load, the soil movement rebounds and this causes the pile bending 
moment to reduce to 59% of the maximum value (from 2270 kNm to 1340 kNm). 
The soil is heavily disturbed during spudcan penetration and the most severe reduction 
in soil strength occurs at the spudcan centre and the magnitude of strength reduction 
decreases radially outwards (Purwana, 2007). Owing to this difference in soil 
disturbance, soil consolidation in the radial direction is expected during spudcan 
operation. Hence, inward soil movements are observed as shown in Figure 5.9. Those 
inward soil movements can extend to about 22 m soil depth, 0.7D below the spudcan. 
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At the stage of initial spudcan operation (e.g. before 80 days), the inward soil 
movements increase. Though those soil movements acting near the pile center (e.g. 
15-m soil depth) are smaller than those near the soil surface, the soil strength is much 
higher and thus the effect of inward soil movement near the pile centre is still 
predominant and leads to a decrease in maximum positive bending moment. The 
maximum bending moment continues to reduce by 26% and reaches the minimum of 
about 990 kNm at around 80 days. 
After about 80 days, with the duration of operation period, a significant extent of 
inward lateral soil movement is observed near the pile top owing to the faster soil 
consolidation near the soil surface and close to the spudcan-left cavity, as shown in 
Figure 5.9(b). On the contrary, the inward soil movement around mid-pile only 
increases slightly. As such, the inward soil movement near the pile top becomes 
predominant. Hence, the soil pressure concentrates around the upper part of the pile 
and tends to push the pile back. Consequently, the pile gradually bends away from the 
spudcan again and the corresponding positive bending moment after 80 days starts to 
increase. At the end of the 400-day operation period, it is noted that the induced 
maximum pile bending moment has a magnitude of about 1200 kNm, still smaller than 
that at the beginning of spudcan operation. 
5.2.1.3 Spudcan extraction 
For spudcan extraction, the normalized spudcan depth (d/df) is adopted for easy 
comparison as the spudcan extraction commences at different depths. The values 1 and 
0 correspond to the spudcan depth at the commencement of extraction and at the 
original ground surface, respectively. The induced pile bending moment profiles and 
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corresponding lateral free-field soil displacements are shown in Figures 5.10 and 5.11, 
respectively. Owing to soil predominantly being drawn by suction at the spudcan base, 
the centre part of the pile starts to bend towards the spudcan at the initial stage of 
spudcan extraction. For ease of visualization, the detailed induced pile bending 
moment profiles from the commencement of extraction to spudcan breakout are shown 
in Figure 5.12. It is evident that the positive bending moment quickly turns to negative 
bending moment as the spudcan is being extracted. The induced negative pile bending 
moment reaches its maximum when the spudcan suction force breaks out (at d/df = 
0.89, i.e. about 13 m depth). The maximum observed pile bending moment of -2260 
kNm has about the same magnitude as that observed for spudcan penetration of 2270 
kNm. 
After spudcan breakout, the induced inward soil displacements gradually ascend and 
concentrate at the upper part of the pile, and thus cause the pile bending moments to 
reduce and eventually the centre part of the pile bends away from the spudcan again, as 
shown in Figure 5.10. 
Figure 5.13 shows the development of strain gauge readings at different spudcan 
depths to illustrate the envelopes of induced maximum pile bending moment. At d/df = 
0.69 (i.e. about 10 m spudcan depth), a “turning point” is visualized with the maximum 
bending moments almost the same for both sides. This “turning point” is at the same 
depth as that observed during spudcan penetration. Once the spudcan was extracted 
above the depth of this turning point, the pile mainly bends away from the spudcan due 
to inward soil movement around the upper pile shaft. The corresponding maximum 
positive pile bending moment is about 1630 kNm at d/df = 0.32, which is 40% smaller 
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than the induced maximum negative bending moment during spudcan extraction. 
Comparing the development of maximum bending moments during spudcan 
penetration and extraction, though there is a small difference in magnitude, the trend is 
quite similar (see Figure 5.14). If the period from the beginning of spudcan extraction 
to the occurrence of suction breakout can be taken as the mobilization of soil resistance 
and pile bending moment, the post-breakout stage is broadly similar to the spudcan 
penetration. Comparable magnitudes of bending moment are observed with derivation 
of less than 17% at both shallow and deep soil depths, though in opposite directions. 
This derivation might be caused by the soil remolding during spudcan extraction. It is 
also found that the distances between the depths for the maximum negative and 
positive bending moments are similar of 7.9 m and 8.2 m respectively for spudcan 
penetration and extraction. From the above comparison, it can be concluded that the 
spudcan extraction may be deemed to be the reverse of penetration with an acceptable 
difference in magnitude. The comparison will be further interpreted in Section 5.4 in 
relation to the effect of spudcan-pile clearance. 
5.2.2 Axial pile responses 
Before spudcan penetration commences, the pile would be installed in-flight and the 
soil would subsequently reconsolidate due to excess pore pressure generated during 
pile installation, as detailed in Section 3.7.1.1. In addition, the pile would experience a 
residual stress at the beginning of spudcan penetration. Such residual stress has long 
been recognized as a true representation of the stress experienced by a pile after its 
installation (Hunter and Davisson, 1969; Holloway et al., 1978; Randolph, 1991). 
Unfortunately, in practice, the strain gauge readings were often reset to zero before 
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commencing the pile load test, probably due to strain gauge drift or the residual stress 
was considered negligible compared to the load being transferred to the pile under 
service (Alawneh et al., 2001). In the present study, the pile was instrumented with 
full-bridge strain gauge circuits in order to minimize the thermal effects, and this 
configuration has been verified to be able to prevent the drift in strain gauge readings 
(Shen, 2008). 
In this section, typical results will be presented in terms of cumulative axial force and 
incremental axial force along the pile. The former includes the residual stress 
distribution in order to reveal the corresponding pile-soil interaction behavior. On the 
contrary, the incremental axial force with its datum set at the beginning of spudcan 
penetration aims to provide information on the induced pile axial force solely due to 
the effect of spudcan movement. For terminology, “axial force” is the cumulative axial 
force from the start of pile installation, while the “incremental axial force” always 
refers to the beginning of spudcan penetration. 
5.2.2.1 Residual load before spudcan penetration 
The residual load distribution in the pile before spudcan penetration is shown in Figure 
5.15, which is the combination of the load transfer after pile installation and the 
subsequent developed downdrag loads due to soil reconsolidation. This decomposition 
has been well established by Leung et al. (2004) and Shen (2008) in Figure 2.26. It is 
found that there is a constant dead load of about 565 kN applied at the pile head (i.e. 
ground surface), which approximately equals to the summation of the weight of the 
exposed pile section of about 14 m above the ground surface and the weight of the 
attached plate, excluding the buoyancy generated by the 4 m fresh water above the 
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ground surface, see Figure 3.7. 
No tensile force is detected along the pile shaft after pile installation (Figure 5.15(b)), 
owing to the dead load of 565 kN applied on the pile head. Thereafter, the soil 
reconsolidates around the pile, and negative skin friction develops. As shown in Figure 
5.15(a), the neutral plane (i.e. the depth associated with the maximum compressive 
force along the pile) is located at the lowest strain gauge of 24.5 m below the soil 
surface, around 94% depth of the clay stratum, consistent with the 90% depth reported 
by Leung et al. (2004). Similar to the location of the maximum bending moment, the 
exact location of the neutral plane may not necessarily coincide with the actual strain 
gauge depth due to limited numbers of strain gauges installed on the pile shaft. 
5.2.2.2 Spudcan penetration 
Figure 5.16 shows the vertical soil displacement profile during spudcan penetration, 
which reveals that the soil moves predominantly upwards at the intended pile location 
owing to soil flow surrounding the penetrating spudcan. At an elevation of 3-4 m 
below the spudcan base, the upward soil movement ceases and the soil moves 
downwards. After about 6 m spudcan penetration as the soil back flows, a downward 
soil displacement near the ground surface, or in other words, a reduction in the 
cumulative upward soil displacement is observed. 
Figures 5.17 and 5.18 show the induced axial force profiles and vertical pile head 
movements, respectively, at different spudcan penetration depths. The compressive 
force in the pile continues to reduce along the pile shaft below the ground surface and 
the neutral plane (defined as the pile elevation associated with the minimum 
compressive force) is observed to gradually shift downwards. The elevation of this 
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neutral plane is found to be about the same as the elevation of the interface between 
the upward and downward soil movements (refer to the point of nil soil movement 
shown in Figure 5.16), with a maximum deviation of about 2 m. It is reasonable 
because compared to the induced soil movements of hundreds of millimeters, the 
observed pile head movements are significantly smaller, less than 10 mm as can be 
seen in Figure 5.18. The pile movement along the pile shaft is expected to be similar to 
that at the pile head, since the pile elastic deformation under an incremental axial force 
of less than 1600 kN is calculated to be only 1 or 2 mm. Hence, the elevation of the 
interface between the upward and downward soil movements could also be deemed as 
the elevation at which there is no relative pile-soil movement. The latter is in fact the 
location of the neutral plane in the axial force profile shown in Figure 5.17. 
Before reaching the 6 m spudcan penetration depth, it is noted that the compressive 
force along the upper part of the pile continues to reduce owing to upward soil 
movement. Afterwards, due to soil back flow, the upward soil movement near the 
ground surface reduces. Meanwhile, the zone of upward soil movement already 
extends deeper down the pile shaft to around the mid-pile elevation. This finding 
implies that the upward soil movement and the mobilized upward shaft friction do not 
occur simultaneously at every pile segment along the pile shaft. Hence, the maximum 
reduction in pile compressive force is significantly less than the integration of 
mobilized upward shaft friction down the length of the pile during spudcan 
penetration. 
As stated by Crilly and Driscoll (2000) for lightly loaded pile in swelling soil, the 
induced reduction in compressive force due to upward soil displacement could be 
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deemed to be the reverse of the progressive failure under downward soil displacement 
associated with negative shaft friction and compressive force. Except that rather than 
potential damage to the pile due to downward soil displacement, the axial pile behavior 
under primarily upward soil displacement such as that observed in the present study is 
beneficial. 
It is found in Figure 5.18 that the upward pile head movement becomes noticeable 
only after about 6 m spudcan penetration depth, which is due to the low soil strength 
and corresponding smaller upward shaft resistance at shallow soil depths. Near the 
maximum spudcan penetration, the pile heave reaches a maximum of around 10 mm, 
which is reasonably small since the upward soil resistance is not enough to uplift the 
pile. In practice, the upward movement of pile may not happen since the dead load 
from the platform is significantly large. 
Using the same technique of analysis for the pile bending moment (Figure 5.5), the 
envelope for incremental axial force with datum set at the beginning of spudcan 
penetration is shown in Figure 5.19. The incremental axial force (at negative side) 
increases almost linearly with spudcan penetration depth till the end of spudcan 
penetration. The maximum incremental axial force is observed to be about -1600 kN, 
only 1.6% of the pile capacity (about 100 MN). 
This increase in negative incremental axial force, or in other words, the reduction in 
compressive force, as well as pile heave was also reported by many researchers in their 
studies on effect of pile driving on adjacent piles, as reviewed in Section 2.6. The 
similarity in induced axial pile responses between spudcan penetration and pile driving 
can be attributed to the similar vertical soil movement pattern observed at the 
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beginning of penetration, which produces upward and downward shaft friction in the 
upper and lower parts of an existing pile, respectively. The major difference as 
compared to pile driving comes from the unique soil back-flow when the spudcan 
penetrates deeper (i.e. after a penetration depth of 0.5 times spudcan diameter shown in 
Section 4.5.2), which induces downward soil movement and hence reduces the 
previously generated upward shaft friction along the upper part of the pile. 
5.2.2.3 Spudcan operation 
Figure 5.20(a) reveals that the soil gradually moves downwards owing to soil 
consolidation, with the maximum movement noted at the ground surface and decreases 
with increasing depth. The development of soil movement magnitude shown in Figure 
5.20(b) suggests that the soil movements will finally stabilize under a longer operation 
period. This observation is consistent with the observed trend of lateral soil 
movements. 
The development of pile axial force distribution is presented in Figure 5.21. With 
continuous downward soil displacement, the compressive force gradually increases. 
This pile response is similar to the case of surcharge placed on the ground surface 
inducing negative skin friction along the pile, see for example Leung et al., 2004 and 
Shen, 2008. 
The incremental axial force at 24.5 m soil depth reduces from the beginning of 
spudcan unloading until the end of operation, as shown in Figure 5.23. The rate of 
reduction decreases with time and tends to taper off towards the end of spudcan 
operation. The incremental axial force (negative value in this plot) reduces from a 
maximum of about -1600 kN at preload to -1200 kN after the preload is reduced to the 
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operation load. At the end of spudcan operation, the incremental axial force is only -70 
kN, and hence the pile has almost recovered to the situation at the beginning of 
spudcan penetration. 
5.2.2.4 Spudcan extraction 
During spudcan extraction, the soil continues to move downwards to fill the cavity left 
by the spudcan, as illustrated in Figure 5.24. As revealed in Chapter 4, before the 
breakout point, suction at the spudcan base is the dominant contribution to this 
downward movement at the pile location. The corresponding pile axial force profile 
and vertical head movements are shown in Figures 5.25 and 5.26, respectively. At the 
spudcan depth with an upward displacement less than 1 m (i.e. normalized spudcan 
depth d/df less than 0.94), the downward soil movement at the pile location induces 
negative skin friction along the pile, resulting in an increase in pile compressive force, 
see Figure 5.25(a). This increase in compressive force is mainly due to a further 
mobilization of downward shaft friction to reach the peak value. The mobilization of 
shaft friction will be further examined in Sections 5.4 in relation to the effect of 
spudcan-pile clearance. This parametric study will show that regardless of the 
spudcan-pile clearance and the associated different magnitudes of soil movements, the 
maximum compressive axial forces occur simultaneously at the initial stage of spudcan 
extraction and have almost the same value. The maximum increase in compressive 
force of about 140 kN is found to be relatively small and thus the pile only settles less 
than 1 mm. 
When d/df < 0.94, it is noted that though the soil moves further downwards, the pile 
compressive force in Figure 5.25 reduces continuously until the end of spudcan 
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extraction. It is evident that this reduction in compressive force is due to the reduction 
in the downward shaft friction, especially near the initial spudcan level of 15 m as 
shown in Figure 5.27. Since the downward shaft friction has already been mobilized 
before, this reduction can be mainly attributed to the reduction in the radial effective 
stress on the pile, both of which are correlated in Equation 5.1. As suggested by 
Jardine and Chow (1996), the local shaft failure in clay is governed by the simple 
Coulomb effective stress interface sliding law: 
δστ tan'rfrf =        (5.1) 
where 'rfσ  is the radial effective stress acting on the pile shaft at failure, while δ  is 
the friction angle between the soil and pile. Based on the work of Johnson and Stroman 
(1984) and Driscoll et al. (1987), the real-time radial effective stress is used for 'rfσ  
and the residual angle of shearing resistance 'rφ  is for δ . Since δ  will reduce to a 
residual value rapidly as the slip occurs at the interface (Randolph, 2003), 'rφ  is 
appropriate for δ  because of the large relative movement occurring between the pile 
and soil in the present study. 
This reduction in radial effective stress is probably caused by the suction-induced 
tension in the adjacent soil field. The tension is transferred from under the spudcan 
base, as suggested by Purwana (2007) in Figure 2.15. This figure shows that the total 
stress under the spudcan base reduces faster than the pore pressure as the spudcan is 
being extracted, and reveals that the effective stress even reduces to zero shortly before 
the spudcan breakout and remains constant afterwards.  
After tension under the spudcan base is generated, it is transferred to the adjacent field 
shown in Figure 5.28, which is extrapolated from the classical footing loading 
Chapter 5 Effect of Spudcan on Free-Headed Pile 
 233
mechanism proposed by Bjerrum (1973) in Figure 2.5. This suggests that as the suction 
force is gradually transferred from the spudcan base to the adjacent soil, the soil 
surrounding the pile is expected to experience a stress relief and hence the soil loading 
on pile reduces. This reduction will be validated in Section 6.5.2.2. 
Combining this reduction in radial effective stress with the fact that 'rφ  should be 
almost constant at failure in soft clay, according to Equation 5.1 the corresponding 
downward shaft friction consequently decreases and leads to the reduction in the pile 
compressive force. 
With reference to the stage when the uplift displacement of the spudcan is less than 1 
m (d/df < 0.94), the change in axial force should therefore be determined by both the 
further mobilization of shaft friction due to downward soil movement and the 
reduction in the shaft friction at failure due to decrease in the radial effective stress on 
the pile. It can be deduced that the former overshadows the latter and leads to an 
overall increase in the compressive force. 
The spudcan extraction is similar to the cases of tunneling and excavation, which 
induce the stress relief in the adjacent field, e.g. Poulos and Chen (1997), Yu (2000), 
Choy et al. (2007). However, relatively few literatures examined the effect of stress 
relief on the axial pile responses, possibly because the pile in those conditions does not 
have such a large lock-in axial stress at the beginning as in the present study (i.e. at the 
beginning of spudcan extraction). The study by Ng et al. (2008) on centrifuge and 
numerical modeling of piles in consolidating ground appears to be the most relevant to 
the present study. They found that the sacrificing piles “hang up” the soil between the 
piles in the group and hence reduce the vertical as well as radial effective stress acting 
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on the center pile. Therefore, the negative skin friction on the pile is reduced. 
It is interesting to note that the spudcan depth corresponding to the maximum 
compressive force which occurs when the spudcan was extracted by about 1 m, is also 
the depth at which the spudcan top experiences simultaneously the peak total vertical 
pressure and peak pore pressure, as reported by Purwana (2007) in Figure 2.16. From 
the soil failure mechanism revealed through PIV analysis, Purwana (2007) concluded 
that the observed peak values of the total vertical stress and pore pressure are mainly 
due to the mobilization of soil shearing along the sides of the soil column above the 
spudcan. Afterwards, the shearing reaches its residual state associated with a larger 
extent of lateral movement, which is consistent with the soil failure and the reduction 
in both radial effective stress and shaft friction along the pile in the present study. 
When d/df is less than 0.2, due to the breakdown of residual suction under the spudcan 
base, the clay beneath the spudcan suddenly falls (see Figure 4.13(g)). As such, soil at 
the pile location moves upward as indicated by the incremental soil movement “0.2-0” 
in Figure 5.24(b). Therefore, the pile compressive axial force experiences a sudden 
reduction, as clearly observed in Figure 5.29 in terms of the incremental axial force at 
the soil depth of 24.5 m. A sudden pile heave is also detected in Figure 5.26. 
Comparing the pile compressive axial force during spudcan penetration and extraction, 
it is found that the development of axial force induced during spudcan extraction is not 
the reverse of that during spudcan penetration. The pile-soil interaction mechanisms 
are found to be different for these two stages. The maximum compressive force of 
about 1700 kN occurs as the spudcan is extracted by 1 m. However, this compressive 
force is almost the same as that at the beginning of spudcan penetration. The induced 
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pile responses due to spudcan movement may differ if the vertical load on the pile 
changes. In practice, the pile is usually socketed into an underlying rigid stratum or has 
a great embedment in soft clay in order to achieve sufficient bearing capacity to resist 
the large working loads. Since the effect of a shallowly penetrating spudcan is limited 
to the upper part of the pile, whereas the soil resistance around the lower part of the 
pile is the major contribution to its vertical bearing capacity, the penetration and 
extraction of an adjacent spudcan is unlikely to affect the pile performance 
significantly. 
5.3 Test Series Fa: Effect of Pile Installation Method 
As stated in Chapter 3, the need for pile installation in-flight has long been recognized 
for an accurate simulation of prototype pile behavior. Many researchers have 
established that the difference between in-flight and 1-g pile installation mainly relates 
to the axial capacity of the pile but quite small, while the effect on the lateral pile 
responses is even less critical. 
However, in respect of spudcan, the large induced lateral and vertical soil movements 
make the soil heavily disturbed, especially at a great spudcan penetration depth. 
Therefore, the difference in soil stress distribution due to different pile installation 
methods may subsequently affect the pile responses during spudcan penetration and 
extraction. Two tests (tests F1 and F5) were conducted to study the effect of different 
installation methods. 
5.3.1 Lateral pile responses 
As shown in Figure 5.30, the bending moment profiles during spudcan penetration are 
compared at different penetration depths. The induced pile bending moment for the 
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high-g pile installation is usually larger than that for 1-g. This can be attributed to the 
higher stress field produced during high-g pile installation. The maximum difference 
during spudcan penetration is 16% at 12 m penetration depth, while the difference is 
only 7% at the end of spudcan penetration. 
The developments of maximum bending moment at selected critical stages are 
compared in Figure 5.31. The maximum bending moment including both negative and 
positive values exhibits similar magnitudes, with 7% and 16% for the maximum 
positive and negative bending moment, respectively. 
5.3.2 Axial pile responses 
Figure 5.32 presents the comparison of maximum incremental pile axial forces at 
selected critical stages. From the literature review, the installation method mainly 
affects the axial pile capacity, and the effect in sand is more severe than in clay. As 
such, if the pile settles, the different end-bearing capacity for the socketed pile in sand 
may vary the pile axial responses. However, since the spudcan penetration uplifts the 
pile, the axial response is mainly affected by the shaft friction along the clay-pile 
interface, which may not have significant effect on the induced axial force. As 
illustrated in this plot, the pile incremental axial force with the high-g installation is 
always larger than that after the 1-g installation, which is consistent with the earlier 
finding that the pile capacity is larger when the installation is under a higher 
gravitational acceleration. However, it is further observed that the maximum difference 
is only 5% during spudcan penetration and less than 13% during spudcan extraction. 
In summary, the differences in lateral and axial pile responses between high-g and 1-g 
pile installation are less than 16% and 13%, respectively. These maximum differences 
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are observed to occur at the stage of spudcan extraction. On the contrary, the difference 
at the critical stage of spudcan penetration is only less than 7%. Generally speaking, 
the pile installation method should primarily affect the process of spudcan penetration 
rather than the stages of spudcan operation and extraction. This is because the soil has 
been heavily disturbed after spudcan penetration, and hence the subsequent spudcan 
operation period may produce some variances, and then may enlarge the differences at 
the stage of spudcan extraction. Therefore, the difference in pile responses during 
spudcan penetration, which is deemed insignificant, may be more representative of the 
effect of different pile installation methods. 
5.4 Test Series Fb: Effect of Spudcan-Pile Clearance 
In practice, the clearance between spudcan and pile is taken as the most important 
factor to the responses of adjacent piles. However, as discussed in Chapter 2, few 
research studies were conducted to examine this clearance effect. Accordingly, in the 
present study, a total of 4 experiments were carried out to investigate the performance 
of piles located at various distances from the spudcan, as given in Table 5.2(b). 
5.4.1 Lateral pile responses 
The lateral soil movements at different locations from the spudcan edge shown in 
Figure 4.25 reveal that the soil movements decrease exponentially with increasing 
distance away from the spudcan. It is foreseeable that beyond certain distance, the 
effect is negligible. The soil movement at 1D significantly reduces and is less than 
20% of that at 0.25D. 
The bending moment profiles at these distances during spudcan penetration are plotted 
in Figure 5.33. It is found that at different spudcan penetration depths, the maximum 
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values always reduce with spudcan-pile clearance but occur at almost the same 
elevation of the pile segment. At the final spudcan penetration depth of about 15 m, the 
bending moments simultaneously reach their maximum values for all cases. Among 
these, the maximum bending moment is 2880 kNm at 0.25D, being 13% of the 
bending moment capacity; while the minimum is 600 kNm at 1D, only 21% of that at 
0.25D. 
Figure 5.34 indicates that both maximum bending moments with opposite signs are 
comparable. While the maximum positive bending moment at 0.25D and 0.5D is larger 
than the negative, the reverse is observed for clearances of 0.75D and 1D. The 
reduction in soil movement and bending moment are found to be consistent, that is as 
beyond 1D from the spudcan edge, the effect of spudcan penetration is at most 21% of 
that at 0.25D. 
Figure 5.35 shows the time-dependent maximum bending moments at different 
distances during spudcan operation. It is noted that the minimum bending moment 
always occurs at around 80 to 100 days, and the bending moment subsequently 
increases and finally stabilizes. 
The corresponding development of maximum bending moments during spudcan 
extraction is shown in Figure 5.36 in terms of the envelopes at each distance following 
the same style as Figure 5.13. The maximum negative bending moments for all 
distances occur when the spudcan breakout is achieved. The value at 1D (510 kNm) is 
only 18% of that at 0.25D. Afterwards, the pile starts to bend away from the spudcan, 
and the maximum positive bending moment seems to be slightly greater than the 
lock-in bending moment at the beginning of extraction, but is still much smaller than 
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the maximum value observed during spudcan penetration. 
A summary of the maximum bending moments at selected critical stages is shown in 
Figure 5.37. At each stage, the bending moment always follows similar trend with the 
maximum value at 0.25D and minimum at 1D. The results reveal that the spudcan 
extraction induced bending moments are comparable with those during spudcan 
penetration, as further interpreted in the relationship between maximum absolute 
bending moment and spudcan-pile clearance shown in Figure 5.38. This similarity 
again validates that the spudcan extraction is approximately the reverse of spudcan 
penetration as established in Section 5.2.1.3. 
5.4.2 Axial pile responses 
Figure 4.25 shows that the upward soil movement induced during spudcan penetration 
reduces with increasing distance away from the spudcan. The soil movement at a 
distance of 1D from the spudcan edge is about 32% to 44% of that at 0.25D. 
The pile incremental axial force distributions at different distances from spudcan 
during spudcan penetration are compared in Figure 5.39, and the maximum 
incremental axial force (negative value at the right side of this plot) gradually 
decreases with a greater spudcan-pile clearance. The reduction ratio (ratio at 1D to 
0.25D) is about 57% to 64%. This ratio is greater than that of upward soil displacement, 
probably because of the easy mobilization of shaft friction along the pile. This is also 
the reason that the incremental axial force distributions at the spudcan-pile clearances 
of 0.25D and 0.5D are fairly similar after 9 m spudcan penetration as the soil 
movements are great for both cases and the shaft friction along the pile is about to be 
mobilized. It is further found that this reduction ratio is much larger than that in the 
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lateral response of 21%; hence the distance effect is more severe for the lateral 
responses. 
However, this finding is contrary to that by Le Tirant and Pérol (1993), who stated that 
the pile was subjected to tension when far away from spudcan, and to compression 
when close to spudcan. The possible reason is that this statement was based on the 
general bearing capacity with footing resting on the ground surface. However, in the 
present study, since the spudcan deeply penetrates in soft clay, the upward soil 
movement is able to extend to great soil depths and hence the reduction in compressive 
force prevails during spudcan penetration. 
Figure 5.40 shows a comparison of maximum incremental axial forces at selected 
critical stages. It is found that though the induced vertical soil movements are greater 
at a shorter spudcan-pile clearance, the maximum pile incremental axial forces 
occurring at an uplift spudcan displacement of about 1 m during spudcan extraction 
approach a similar value, indicating the shaft friction along the pile is almost fully 
mobilized at each spudcan-pile clearance. Moreover, since this maximum incremental 
axial force is fairly small, as explained in Section 5.2.2.4, the induced vertical pile 
responses would not affect the pile performance significantly. 
Afterwards, as the mobilized downward shaft friction reduces owing to the decrease in 
radial effective stress, the positive incremental axial forces at all distances reduce and 
then turns to the negative values, with a highest reduction rate at 0.25D and lowest at 
1D. At the end of spudcan extraction, the negative incremental axial force, or in other 
words the reduction in the compressive axial force, is greater with a shorter 
spudcan-pile clearance. 
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5.5 Test Series Fc: Effect of Operation Period 
Table 5.2(c) lists a total of 3 tests being conducted with different durations of spudcan 
operation period. Test F6 was aimed to simulate a long operation period during which 
the penetration-induced excess pore pressures have enough time to dissipate. From a 
parametric study of suction development in terms of operation period by Purwana et al. 
(2005), beyond around 800 days, the spudcan behavior remains almost the same. 
Therefore, 910 days is sufficient to represent the long operation period. On the contrary, 
the spudcan in test F7 was immediately extracted after preload and thus the soil had 
yet to reconsolidate. 
The load-displacement relationships are compared in Figure 5.41(a). It is found that 
the spudcan responses during penetration for all the three tests are similar. During 
spudcan extraction, the required breakout force increases with duration of operation 
period, following approximately a logarithmic curve, see Figure 5.41(b). The breakout 
force with immediate spudcan extraction is only about 52% of the spudcan installation 
load, whereas for the 910 days period, these two are nearly the same. This difference 
can be attributed to the fact that the suction developed under the spudcan base becomes 
greater for a spudcan with a longer operation period, as reported by Purwana et al. 
(2005). 
5.5.1 Lateral pile responses 
The developments of maximum bending moments which always occur at 19.5 m soil 
depth during spudcan preloading, unloading and operation are shown in Figure 5.42. 
The maximum bending moment induced during spudcan penetration (i.e. at the starting 
point) is remarkably similar, demonstrating the consistency and reliability of this test 
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series. The maximum bending moment after an operation period of 910 days finally 
stabilizes with a value 5% larger than that of 400 days, which indicates that a further 
but small increase in the inward soil displacement still takes place between 400 days 
and 910 days. For the case of spudcan immediate extraction, the pile does not 
experience the spudcan unloading and operation process, and hence would have the 
greatest bending moment at the beginning of spudcan extraction, as compared to the 
other two cases. 
During spudcan extraction, the maximum negative bending moments are detected to 
always occur at the breakout point, and increase with duration of operation period as 
revealed in Figure 5.43(a). The maximum bending moment during immediate 
extraction is about -715 kNm, which is only 31% of that measured after a 910-day 
operation period. This is because the induced inward soil displacements acting on the 
pile are greater under a longer operation period due to a larger suction at the spudcan 
base, and hence induce a higher bending moment. The fitted curve of the maximum 
negative bending moment with duration of operation period (denoted in Figure 5.43(b)) 
reveals that the lateral pile responses during extraction are severely affected by the 
duration of operation period if the period is relatively short. On the other hand, if the 
operation period is long and beyond 400 days, the increase in bending moment is much 
smaller. For example, the maximum negative bending moment at breakout point after 
910 days is only 10% greater than that after an operation period of 400 days. 
The maximum positive bending moment during spudcan extraction is found to be 
always smaller than the negative, except that at 910 days these two are fairly similar. 
Overall, comparing the induced lateral pile responses among spudcan penetration, 
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operation and extraction, it is found that the bending moment induced during spudcan 
extraction is less critical or about the same compared to that during spudcan 
penetration. 
5.5.2 Axial pile responses 
The development of maximum incremental pile axial forces during spudcan unloading 
and operation are shown in Figure 5.44. The maximum incremental axial force induced 
during spudcan penetration (i.e. at the starting point) for tests F1, F6 and F7 are found 
to be almost the same. The spudcan does not experience the unloading and operation 
process in test F7; whereas for the other two cases, the negative incremental axial 
forces reduce with a fairly similar trend. It is observed that after an operation period of 
400 days, the negative incremental axial force in test F6 further decreases and finally 
turns to positive after about 800 days. 
For the case of immediate spudcan extraction (test F7), similar to pile bending 
moments, the incremental axial force at the start of spudcan extraction is much greater 
than that of the other two tests with longer operation periods as shown in Figure 5.45. 
During the initial spudcan extraction, it is noted that the magnitudes of reduction in 
negative incremental axial force for 400-day and 910-day operation period are similar; 
whereas that for immediate spudcan extraction is evidently much larger, possibly due 
to the mobilization history of pile shaft friction. At the beginning of immediate 
extraction (test F7), the shaft friction is predominantly upwards due to large upward 
soil displacement around the pile during spudcan penetration. In contrast, the shaft 
frictions after a long term operation (400 days in test F1 and 910 days in test F6) are 
mainly downwards. Hence, the shaft friction during immediate extraction experiences 
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a transition from upward to downward direction, and hence leads to a greater reduction 
in negative incremental axial force than those after a longer operation. 
In summary, the suction developed at the spudcan base plays an important role in 
affecting the pile bending moment and axial force. With a longer operation period and 
hence a larger suction developed at the spudcan base, the extraction-induced pile 
responses are more significant. Compared to spudcan penetration, the lateral pile 
responses during spudcan extraction are comparable. Engineers may need to pay 
attention to the induced lateral pile responses during spudcan extraction. Axial force is 
usually not the concern in practice, but the induced maximum axial force is found to 
increase with a longer operation period. Foundation design should assume a long 
operation period to be on the conservative side. 
5.6 Test Series Fd: Effect of Preload Ratio 
In practice, the ratio of operation load to maximum installation load may vary from 
case to case. As established by Purwana et al. (2005), with the same spudcan 
penetration depth and after the same duration of spudcan operation, a higher preload 
ratio requires a greater breakout force to extract the spudcan. The comparison of the 
load-displacement relationships among all the three tests in test series Fd confirmed 
the above statement, as shown in Figure 5.46. However, the increase in breakout force 
owing to a higher preload ratio is small, only about 1 to 2 MN for each increment. 
Nevertheless, if considering the increment from start of spudcan extraction to the 
breakout point, the reduction in net vertical load increases considerably with a higher 
preload ratio. In addition, the spudcan settlement during operation at a preload ratio of 
1 is almost double that at 0.5, which is attributed to the fact that soil has been subjected 
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to 50% higher consolidation pressure. 
5.6.1 Lateral pile responses 
Pile responses reduce during spudcan unloading, and the reduction depends on the 
magnitude of operation load. The time history of the maximum bending moment 
occurring at 19.5 soil depth during spudcan unloading and operation is shown in 
Figure 5.47. With similar maximum bending moments at the end of spudcan 
penetration, the magnitudes at the beginning of operation are quite different. The value 
at a preload ratio of 1 (without experiencing the unloading process) equals to the 
maximum during spudcan penetration, whereas the value at a preload ratio of 0 which 
undergoes the greatest unloading is only about 30% of the former. 
During spudcan operation, for the preload ratios of 0.5 and 1, the bending moment 
reduction continues until about 80 days, whereas with a preload ratio of 0, it lasts only 
about 2 days. As established in Section 5.2.1.2, the reduction before the recovery is 
mainly attributed to the laterally inward soil movement at the mid-depth pile section 
induced by soil consolidation. At a preload ratio of 0, the consolidation pressure for the 
soil under the spudcan base is the smallest, and hence the consolidation rate should be 
lower than the other two cases. As such, the inward soil movement at the mid-pile is 
less critical; meanwhile the inward soil displacement at the upper part of the pile turns 
to be more important and eventually causes the pile to bend away from the spudcan. 
Hence, the recovery occurs quickly after the start of spudcan operation. 
The maximum bending moment at selected critical stages are compared in Figure 5.48. 
It seems that the maximum negative bending moment at the breakout point does not 
exhibit a clear trend in relationship with the preload ratio. However, the increment 
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from the beginning of extraction (stage 2) to the breakout point (stage 3) increases 
considerably with a higher preload ratio, as shown in the sub-figure of Figure 5.48. 
This result is consistent with the incremental load in the load-displacement curve in 
Figure 5.46, and also the incremental pore pressure at the spudcan base in Figure 2.18. 
It is noted that the maximum negative bending moment induced during spudcan 
extraction occurs at a medium preload ratio of 0.5, indicating that a higher preload 
ratio does not necessarily induce a higher bending moment during spudcan extraction. 
However, the maximum negative bending moment for all three tests are found to be 
still less than the maximum positive bending moment during spudcan penetration (see 
Figure 5.48). 
5.6.2 Axial pile responses 
The time histories of the maximum incremental axial force occurring at 24.5 m soil 
depth are similar for all these tests during spudcan unloading and operation, as shown 
in Figure 5.49. This result is reasonable since the maximum incremental axial forces at 
the end of penetration and at the end of operation are broadly similar. The major 
difference is observed near the start of spudcan operation, which is caused by the 
spudcan unloading from maximum installation load to different operation loads. 
The maximum incremental axial forces at selected critical stages are compared in 
Figure 5.50. The maximum positive incremental axial force occurring at the initial 
stage of spudcan extraction is found to be slightly greater with a higher preload ratio, 
owing to a larger consolidation pressure and thus a higher degree of consolidation and 
greater increase in radial effective stress on pile after spudcan operation. 
In summary, with respect to both lateral and axial pile responses, the magnitudes 
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induced during spudcan extraction vary only slightly and also are not as important as 
those in spudcan penetration. Therefore, the load ratio may not be a concern for the 
pile design. 
5.7 Summary 
A centrifuge study was carried out to examine the lateral and axial responses of 
free-headed single piles due to penetration, operation and extraction of a jack-up 
spudcan. The tests involve full spudcans with piles placed at different distances from 
the spudcan edge. 
The tests reveal that the induced bending moments along the piles change significantly 
from shallow to deep spudcan penetration depths. At shallow spudcan penetrations (i.e. 
before 0.6 times spudcan diameter), the maximum bending moment is negative 
(bending towards the spudcan) due to significant soil movements close to the ground 
surface. At deep penetrations (i.e. after 1.2 times spudcan diameter), the middle of the 
pile bends away from the spudcan resulting in all positive bending moment along the 
pile shaft. This is due to increasing soil movements at the mid-pile elevations as the 
spudcan penetrates deeper. The development of bending moment during spudcan 
extraction can be considered to be the reverse of spudcan penetration, and the induced 
lateral pile responses are comparable between these two stages. The suction developed 
at the spudcan base is found to play an important role in affecting the pile bending 
moment. 
With respect to the axial pile responses, during spudcan penetration uplift shaft friction 
is induced on the upper part of adjacent piles for all spudcan penetration depths 
because of the induced upward soil movement owing to the soil flow around the 
Chapter 5 Effect of Spudcan on Free-Headed Pile 
 248
penetrating spudcan. A reduction in compressive force and a pile heave are thus 
produced. The maximum compressive force occurs at the initial stage of spudcan 
extraction, but the magnitude is similar to that before the spudcan penetration. Hence, 
the induced axial force has insignificant effect on the pile performance. 
The pile responses after high-g pile installation are at most 16% higher than that after 
1-g installation, which is attributed to the generated higher stress field by high-g pile 
installation (test series Fa). 
Tests were also performed on piles located at different spudcan-pile clearance (test 
series Fb). The induced pile bending moments and axial forces reduce with increasing 
distance from the spudcan edge. The effect on adjacent piles is insignificant when a 
pile is over 1 spudcan diameter away. 
As revealed in test series Fc, the spudcan extraction-induced lateral pile responses are 
more significant with a longer operation period associated with larger soil suction 
developed at the spudcan base. On the other hand, the pile axial force is not so much 
affected. The effect of preload ratio in test series Fd is found to have negligible effect 
on the pile responses. 


















(= working load 
/max. installation load) 
Operation 
period (days)
F1 High-g 0.5D 0.5 400 
F2 High-g 0.25D 0.5 400 
F3 High-g 0.75D 0.5 400 
F4 High-g 1D 0.5 400 
F5 1-g 0.5D 0.5 400 
F6 High-g 0.5D 0.5 910 
F7 High-g 0.5D - (immediate extraction) 0 
F8 High-g 0.5D 1 400 
F9 High-g 0.5D 0 400 
Spudcan diameter D = 10 m, target penetration depth = 15 m (1.5D); 
Pile width = 1.26 m; 
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Table 5.2. Scheme of test series. 
 (a) Test series Fa: effect of pile installation method. 
Test No. Scheme Installation type 
F1 
 
High-g (100-g) pile installation 
F5 
 
1-g pile installation 
 
(b) Test series Fb: effect of spudcan-pile clearance. 









Note: for tests in test series Fa and Fb, operation load = 50% of max. installation 




0.75D 15 m 
Clay 
0.25D 15 m 
Clay 






























Chapter 5 Effect of Spudcan on Free-Headed Pile 
 251
Table 5.2. (cont.) Scheme of test series. 
 (c) Test series Fc: effect of operation period. 









0 day (immediate extraction) 
Note: for tests in test series Fc, operation load = 50% of max. installation load. 
 
 (d) Test series Fd: effect of preload ratio (operation load/max. installation load). 










Note: for tests in test series Fd, operation period = 400 days. 
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Figure 5.1. Comparison of pressure-displacement curves (D = 10 m and 12m). 
 
 
























Negative: bending towards spudcan,
Positive:  bending away from spudcan.  
Figure 5.2. Induced pile bending moment during spudcan penetration (test F1). 
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 (a) Cumulative from beginning of penetration  (b) incremental with interval of 3 m 
Figure 5.3. Lateral soil displacements at 0.5D from spudcan edge during spudcan 
penetration (test P1). 
 




























(negative BM = positive BM)
 
Figure 5.4. Gradual transition of bending moment during spudcan penetration 
(test F1). 
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Envelope 1 Envelope 2
 
Figure 5.5. Detail strain gauge readings at different depths and obtained bending 
moment envelopes during spudcan penetration (test F1). 
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Figure 5.6. (a) Pile head deflection; (b) Pile shaft deflection profile during spudcan 
penetration (test F1). 
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Figure 5.8. Development of maximum bending moments during spudcan unloading 
and operation (test F1). 
Passive pile segment 
mainly subjected to 
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               (a)              (b) 
 Figure 5.9. Development of (a) lateral soil displacement from beginning of 
operation; (b) lateral soil displacement at soil surface and 15 m soil depth at 0.5D 
from spudcan edge during spudcan operation (test P1). 
 





























Figure 5.10. Induced pile bending moment during spudcan extraction (test F1). 
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 (a) Cumulative from beginning of extraction  (b) incremental with interval of 0.2 
Figure 5.11. Lateral soil displacements at 0.5D from spudcan edge during spudcan 
extraction (test P1). 
 



























Figure 5.12. Induced pile bending moment during spudcan extraction before suction 
breakout (test F1). 
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Figure 5.13. Detail strain gauge readings at different depths and obtained bending 
moment envelopes during spudcan extraction (test F1). 
        




























Figure 5.14. Comparison of bending moment envelope between spudcan penetration 
and extraction (test F1). 
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   (a)      (b)      (c) 
Figure 5.15. Load superposition: (a) residual load distribution before spudcan 
penetration; (b) load transfer after pile installation; (c) downdrag load due to soil 
reconsolidation (test F1). 
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(a) Cumulative from beginning of penetration  (b) incremental with interval of 3 m 
Figure 5.16. Vertical soil displacements at 0.5D from spudcan edge during spudcan 
penetration (test P1). 
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  (a) Axial force      (b) incremental axial force 
Figure 5.17. Induced pile axial force during spudcan penetration (test F1). 
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Figure 5.18. Induced vertical pile head movement during spudcan penetration 
(test F1). 
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Figure 5.19. Detail strain gauge readings of incremental axial force at different 
depths and envelope of incremental axial force during spudcan penetration (test F1). 
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                (a)           (b) 
 Figure 5.20. Development of (a) vertical soil displacement from beginning of 
operation (b) vertical soil displacement at soil surface and 15 m depth at 0.5D from 
spudcan edge during spudcan operation (test P1). 
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Figure 5.22. Vertical pile head movement during spudcan unloading and operation 
(test F1). 
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Figure 5.23. Development of incremental axial force during spudcan unloading and 
operation (test F1). 
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 (a) Cumulative from beginning of extraction  (b) incremental with interval of 0.2 
Figure 5.24. Vertical soil displacements at 0.5D from spudcan edge during spudcan 
extraction (test P1). 
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(a) Axial force      (b) incremental axial force 
Figure 5.25. Induced pile axial force during spudcan extraction (test F1). 
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Figure 5.26. Induced vertical pile head movement during spudcan extraction 
(test F1). 
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Figure 5.29. Development of incremental axial force during spudcan extraction 
(test F1). 































Max.: 7%  
Figure 5.30. Comparison of bending moment between high-g and 1-g pile 
installation during spudcan penetration (series Fa). 
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Figure 5.32. Comparison of maximum incremental axial force at selected critical 
stages (series Fa). 
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Figure 5.33. Comparison of bending moments at different distances during spudcan 
penetration (series Fb). 
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Figure 5.35. Comparison of maximum bending moments during spudcan operation 
(series Fb). 
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Figure 5.37. Comparison of maximum bending moments at selected critical stages 
(series Fb). 
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Figure 5.38. Comparison of maximum bending moments between spudcan 
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Figure 5.39. Comparison of incremental axial forces at different distances during 
spudcan penetration (series Fb). 
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Figure 5.40. Comparison of maximum incremental axial forces at selected critical 
stages (series Fb). 
 
 
-25 -20 -15 -10 -5 0 5 10 15 20 25

























0 day (test F7)
400 days (test F1)
























(a)              (b) 









































Transition to Working load
Operation
all at 19.5 m soil depth
 
Figure 5.42. Development of maximum bending moments during spudcan unloading 
and operation (series Fc). 
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(a)         (b) 
Figure 5.43. (a) Development of maximum bending moments during spudcan 
extraction; (b) Relationship between induced maximum bending moments with 
duration of spudcan operation (series Fc). 
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Figure 5.44. Development of maximum incremental axial forces during spudcan 
unloading and operation (series Fc). 
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Figure 5.45. Development of maximum incremental axial forces during spudcan 
extraction (series Fc). 
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Figure 5.47. Time history of maximum bending moments during spudcan unloading 
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Figure 5.49. Time history of maximum incremental axial force during spudcan 
unloading and operation (series Fd). 















































Figure 5.50. Comparison of maximum incremental axial forces at selected critical 





Effect of Spudcan on Fixed-Headed Pile 
 
6.1 Introduction 
In this chapter, a fully fixed-headed pile (i.e. no deflection, no rotation at pile head) 
was adopted, corresponding to the situation where the pile head is fully restrained by 
the legs above. Both lateral and axial pile responses during spudcan penetration, 
operation and extraction were examined. 
Similar to the half-spudcan tests presented in Chapter 4, the full-spudcan tests for 
fixed-headed pile were conducted in both single clay and clay/sand layered soil in 
order to investigate the effect of soil squeezing on pile performance. Parametric studies 
were conducted to evaluate the critical contributing factors to the pile responses, 
including the pile length, spudcan-pile clearance, spudcan-sand layer clearance, pile 
socket length in sand, etc. 
A summary of the test program is presented in Table 6.1, incorporating a total of 20 
experiments. These experiments are classified into 8 series of tests. To facilitate 
visualization, schematic configurations of these test series are shown in Table 6.2. In 
this chapter, two typical experiments will be presented first, followed by each of the 
eight test series in alphabetical order. 
6.2 Typical Test One: Spudcan Far above Underlying Sand Layer 
(Test A12) 
Test A12 was conducted to examine the responses of a 40-m long pile subjected to a 
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deep spudcan penetration in soft clay. The load-penetration response in this test is 
given in Figure 4.14. 
6.2.1 Lateral pile responses 
6.2.1.1 Spudcan penetration 
The measured pile bending moment profiles at 7 different spudcan penetration depths 
are shown in Figure 6.1. The negative and positive bending moment denote the pile 
bending towards and away from the spudcan, respectively. It should be noted that 
since the reading of strain gauges at the pile head produced unrealistic results due to 
the combined loading generated by the pile cap, the results at this point were 
extrapolated from the closest two levels of strain gauges below the pile head assuming 
a linear relationship. 
It can be seen that when subjected to the laterally outward soil movement induced by 
spudcan penetration, fairly large negative bending moments are developed at the pile 
head due to restraint by the pile cap. On the other hand, positive bending moments 
with comparable magnitudes are achieved along the lower pile shaft. A relatively small 
negative bending moment is detected close to the pile base where the soil is relatively 
stable. 
With continuous spudcan penetration, the cumulative lateral soil movement increases 
and the influence zone extends to a greater depth (see Figure 4.16(a)). Therefore, both 
the induced maximum negative bending moment at the pile head and the maximum 
positive bending moment near the mid-depth of the pile increase and the elevation of 
the maximum positive bending moment shifts downwards. After 15 m spudcan 
penetration depth, the rate of increase in bending moment at the pile head decreases, 
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whereas that at the pile mid-depth increases. This is because the majority of outward 
soil movements shift towards the mid-pile; meanwhile back-flow induced inward soil 
movements mainly influence the area near the pile head. 
The bending stress was adopted in the present study as the criteria to assess the 
spudcan effect on the pile bending behavior, and was calculated following the 
equation: 






)()( max ==σ                         (6.1) 
In this equation, BM is pile bending moment. The inputs of the pile diameter B and the 
area moment of inertia I are based on the simulated offshore steel pile with 1.26 m 
diameter and 3.8 cm (1.5 inch) wall thickness, as mentioned in Section 3.3.3.2. 
“Utilization ratio” was used to estimate the degree of disturbance to pile, which is 
defined as the ratio of bending stress σ to the pile typical yield stress of 350 MPa. 
At 21.7 m spudcan penetration depth, the maximum bending moment of about 9000 
kNm is equivalent to a bending stress of 208 MPa and a utilization ratio of about 60%, 
which could be considered to significantly affect the pile safety. 
The pile bending pattern during spudcan penetration is similar to that observed by 
Siciliano et al. (1990) as shown in Figures 2.37(b) and (c), and the bending moments in 
both studies are found to increase continuously during spudcan penetration. However, 
at a 0.5D from spudcan edge, Siciliano et al. (1990) noted that the negative bending 
moment at the pile head is much smaller than the positive bending moment occurring 
along the pile shaft (see Figure 2.37(b)), especially at shallow spudcan penetration 
where the soil movements mainly occur near the pile head. This might be due to the 
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imperfect pile cap which did not completely fix the pile head against deflection and 
rotation, and hence release the pile bending moment. With respect to Craig (1998) with 
spducan penetration in sand overlying clay, it is difficult to make a direct comparison 
because the bending moment profile is incomplete due to limited numbers of strain 
gauges instrumented close to the upper sand layer, and also the fixity point at the pile 
head is more than one spudcan diameter above the sand surface. However, from the 
trend of the bending pattern (see Figure 2.41(a)), the pile is expected to have a bending 
pattern with both the negative (at the pile head) and positive (along the pile shaft) 
bending moments similar to both the present study and Siciliano et al. (1990). 
It is found that the bending moment profile of a fixed-headed pile is different from that 
of a free-headed pile (see for example Figure 5.2). A large bending moment is 
developed at the fixed pile head as it is fully restrained from deflection and rotation. 
By contrast, the allowance for free motion at the pile head for free-headed pile causes a 
large lateral pile deflection (see for example Figure 5.6) which greatly buffers the soil 
pressure on the pile and subsequently reduces the bending moment in the pile. In 
addition, the bending shape along a fixed-headed pile is consistent throughout the 
spudcan penetration, with the maximum negative (bending towards spudcan) and 
positive (bending away from spudcan) bending moments developed at the pile head 
and along the pile shaft, respectively. On the contrary, the bending shape along a 
free-headed pile changes from bending towards spudcan at a shallow spudcan 
penetration to bending away from the spudcan when the spudcan penetrates deeply in 
clay. 
The differences between fixed-headed and free-headed piles as mentioned above are 
evident since they simulate essentially the two extremes of pile head condition. In the 
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practical field, the pile head is usually partially restrained by the pile cap and hence 
labeled “partially fixed” with a certain degree of deflection and rotation allowed. It is 
expected that with a higher restraint from the pile cap, the deflection and rotation of 
pile head are smaller, and hence the pile would attract more soil pressures and bending 
moments on pile. Therefore, the bending moment in the partially fixed-headed pile 
should be smaller than the fully fixed-headed pile, but greater than the free-headed pile. 
This hypothesis is consistent with the numerical study on the effect of pile head 
condition on the lateral pile responses by Chow and Yong (1996), who finally 
concluded that the boundary conditions at the pile head have a significant effect on the 
pile performance. In the present study, though the partially fixed pile head condition is 
difficult to model in centrifuge testing, the adoption of the bending moment in the 
fixed-headed pile should be on the conservative side. 
6.2.1.2 Spudcan operation 
The development of pile bending moment during spudcan unloading and operation is 
shown in Figure 6.2. During the spudcan unloading process, the positive bending 
moment at the mid-pile reduces due to relaxation in soil pressure. The bending 
moment at the pile head is only slightly influenced by the deeply embedded spudcan in 
the far-field and hence remains nearly the same. During subsequent spudcan operation, 
inward soil movement is induced as the soil reconsolidates (see Figure 4.27). Hence 
both the negative bending moment at the pile head and positive bending moment 
around the pile mid-depth gradually reduces with time. Figure 6.3 shows the 
development of maximum bending moments during spudcan unloading and operation, 
revealing that the rate of moment reduction decreases with time and tapers off towards 
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the end of spudcan operation. At the end of spudcan operation period, both the bending 
moment at the pile head and mid-depth reduce to about 75% of the maximum induced 
during spudcan penetration. 
6.2.1.3 Spudcan extraction 
The pile bending moment profiles during spudcan extraction are shown in Figure 6.4. 
Owing to soil being dragged towards the spudcan by suction as illustrated in Figure 
4.28, the centre portion of the pile starts to bend towards the spudcan at the beginning 
of spudcan extraction. To facilitate better visualization, the detailed induced pile 
bending moment profiles from the beginning of extraction to d/df = 0.8 are shown in 
Figure 6.5. Both the positive bending moment at the centre portion of the pile and 
negative bending moment at the pile head experience a rapid decrease even with only 
about 0.1 m upward spudcan displacement. As the spudcan reaches the breakout point 
of d/df = 0.914, the bending moment at the pile segment of 25 m depth turns to be 
negative. 
After the spudcan breakout, there is a recovery of bending moment at the centre 
portion of the pile. Meanwhile the negative bending moment at the pile head continues 
to decrease and turns to positive after d/df = 0.8. This is because the soil continues to 
move inwards to fill the cavity beneath the spudcan, and the zone of the generated 
inward soil pressure ascends following the upward moving spudcan. 
After the spudcan is fully extracted, the bending moment at the pile head almost 
diminishes as denoted in Figure 6.4. However, some negative and positive bending 
moments are still locked in with the maximum value of about 2300 kNm occurring at 
27.5 m depth. Though this lock-in bending moment is relatively small, it should be 
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carefully tackled with. This is because the stage of post-spudcan extraction is not 
necessarily associated with a relatively calm environment which however can be 
purposely satisfied during spudcan penetration and extraction. Hence, the potential 
environmental or storm loading applied on the pile may increase the pile stresses. 
The detailed strain gauge readings at several pile depths during spudcan extraction are 
shown in Figure 6.6. A turning point associated with the peak value is observed for 
each plot. It is found that the peak value at a lower depth occurs at an earlier stage 
during spudcan extraction, showing the progressive development of bending moments, 
which can be attributed to the progressive soil flow surrounding the extracting 
spudcan. 
Evaluating the bending moment development for the entire test process, it can be 
concluded that spudcan penetration is the most critical stage with the development of 
the largest bending moment when the spudcan reaches its maximum penetration depth. 
6.2.2 Axial pile responses 
Similar to the parametric study on free-headed pile, the distributions of axial force and 
incremental axial force along the pile are combined together to present the results. The 
incremental axial force with its datum set at the beginning of spudcan penetration aims 
to provide information on the development of axial force induced solely due to the 
effect of spudcan. 
6.2.2.1 Residual load before spudcan penetration 
Similar to that observed for free-headed piles, the residual load distribution in the 
fixed-headed pile before spudcan penetration is the combination of the load transfer 
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after pile installation and the subsequent developed downdrag loads due to soil 
reconsolidation, as shown in Figure 6.7. As the pile head was not released from the 
jacking system after pile installation and also prevented from moving vertically, the 
subsequent soil reconsolidation causes the compressive force along the upper part of 
the pile to reduce, as indicated by the negative downdrag load above 27 m soil depth in 
Figure 6.7(c). At the end of soil reconsolidation, or in other words at the beginning of 
spudcan penetration, the neutral plane of the axial force is located at 30 m below the 
soil surface, as shown in Figure 6.7(a). 
6.2.2.2 Spudcan penetration 
The measured pile axial force profiles at 8 different spudcan penetration depths are 
shown in Figure 6.8(a), together with the residual axial force at the beginning of 
spudcan penetration. The results indicate that compressive axial forces increase along a 
large portion of the pile shaft. This can be attributed to the mainly upward soil 
movement induced at the pile location shown in Figure 4.16(b). As such, the pile is 
subjected to upward shaft friction and subsequently experiences compression along the 
upper part of the pile since the pile head was restrained from moving vertically.  
It is found that for each axial force distribution except that at the beginning of spudcan 
penetration, there is a neutral plane associated with the minimum compressive force, 
which is similar to that observed in free-headed pile. Since the pile head was fixed 
against moving vertically and the elastic deformation of each pile segment along the 
pile shaft is calculated to be less than 3 mm, the vertical pile displacement is deemed 
to be negligible as compared to the large soil movement of hundreds of millimeters. As 
such, the elevation of the neutral plane associated with the minimum compressive 
Chapter 6 Effect of Spudcan on Fixed-Headed Pile 
 287
force is consistent with the elevation of the interface between the upward and 
downward soil movements (refer to the point of nil soil movement in Figure 4.16(b)), 
with a maximum deviation of about 2 m.  
With continuous spudcan penetration and the resultant larger cumulative upward soil 
movements, the compressive force near the pile head increases. At 21 m spudcan 
penetration depth, the increase in the compressive force reaches a maximum of about 
1900 kN (Figure 6.8(b)), equivalent to an increase in the axial stress of 13 MPa, which 
is only 3.7% of the yield stress (= 350 MPa). After 21 m spudcan penetration depth, 
the compressive force along the pile shaft above 20 m depth decreases gradually, 
possibly due to the slight downward soil movement near the soil surface which 
overshadows the effect of upward soil movement near the mid-pile induced by 
spudcan penetration. 
This increase in pile compressive force is totally different from that of free-headed pile 
(Figure 5.17), since in the latter case the pile is allowed to move freely in the axial 
direction and thus the pile compressive force reduces owing to the upward soil 
movement. In reality the pile should be able to move vertically with some restraint 
from the pile cap. Hence, the actual axial pile behavior is expected to be similar to the 
free-headed pile with different magnitudes of vertical loads on the pile head.  
6.2.2.3 Spudcan operation 
Figure 6.9 shows that the compressive force at the pile head reduces by 500 kN after 
the maximum installation load is reduced to working load, as represented by the ‘o’ 
symbol curve. During spudcan operation, the pile compressive axial force along the 
upper part of the pile continues to decrease owing to the consolidation-induced 
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downward soil movement, whereas the compressive force along the lower part of the 
pile increases. At the end of spudcan operation, the pattern of pile axial force 
distribution is similar to that at the beginning of spudcan penetration, with a neutral 
plane associated with the maximum compressive force located at 30 m soil depth.  
6.2.2.4 Spudcan extraction 
The pile axial force profiles during spudcan extraction are shown in Figure 6.10. 
Similar to free-headed pile responses, there are two factors to affect the shaft friction 
along the pile. Firstly, owing to the soil being dragged down by spudcan extraction, the 
downward shaft friction would be further mobilized. Secondly, the radial effective 
stress and then the downward shaft friction acting on the pile are reduced due to the 
stress relaxation induced by the spudcan suction force during spudcan extraction, 
which will be validated in Section 6.5.2.2. 
Overall, the development of the pile axial force should be due to a combination of the 
above mentioned two mechanisms. It is found that at the beginning of spudcan 
extraction, the downward shaft friction is further mobilized and hence there is a sudden 
decrease and increase in compressive force along the upper and lower part of the pile, 
respectively. The respective order of magnitudes suggests that the first mechanism 
plays a more important role. After spudcan breakout, the second mechanism becomes 
dominant and leads to a reduction in downward shaft friction along the pile. Hence, the 
compressive forces along the upper and lower part of the pile continue to increase and 
decrease, respectively. During spudcan extraction, the maximum compressive force of 
20.9 MN is slightly higher than that of 20.4 MN induced during spudcan penetration. 
These induced compressive forces during these two stages as well as their difference 
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can be judged to be relatively insignificant since the pile capacity is about 80 MN. 
6.3 Typical Test Two: Spudcan Close to Underlying Sand Layer  
(Test A5) 
6.3.1 Lateral pile responses 
6.3.1.1 Spudcan penetration 
The induced pile bending moment profiles during spudcan penetration are shown in 
Figure 6.11. Similar to test A12 (Figure 6.1), the maximum negative bending moment 
is at the pile head and the maximum positive bending moment is at around mid-pile, 
owing to the mainly laterally outward soil movements. The lower part of the pile is 
restrained by the underlying sand layer, and hence bends towards the spudcan. 
Before 12 m spudcan penetration depth, both the maximum negative and positive 
bending moments gradually increase with greater spudcan penetration depth, similar to 
the pile responses in test A12. However, the bending moments decrease afterwards till 
the end of spudcan penetration. This phenomenon can be explained from the soil 
movement patterns introduced before. As can be seen in Figure 4.50(a), in general 
above the spudcan depth, the free field soil moves inwards due to back flow around 
spudcan; while below the spudcan depth, the free field soil moves outwards. During 
9-12 m spudcan penetration depths, the zones of inward and outward soil movement 
extend to the upper 9 m and lower 10 m clay layer thicknesses, respectively. Although 
the size of the two influence zones are almost the same, the magnitude of the 
maximum outward lateral soil movements is more than 100 mm, 70% greater than the 
maximum inward lateral soil movement. Therefore, the predominant outward lateral 
soil movement causes the pile body to bend towards the spudcan and the 
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corresponding bending moments continue to increase. 
On the other hand, during 12-15 m spudcan penetration depths, the zone of inward soil 
movement extends to beyond 12 m soil depth, whereas the outward soil movement is 
constrained within the lower 7 m clay layer above the sand. Furthermore, because of 
the localization of soil flow as elaborated in Section 4.4.3.1, the maximum outward 
soil movement as shown in Figure 4.50(a) is only 50% of that during 9-12 m. As such, 
the inward lateral soil movement becomes more dominant and overshadows the effect 
from outward lateral soil movement. Therefore, the maximum bending moments 
gradually decrease after 12 m spudcan penetration depth (i.e. spudcan-sand layer 
clearance less than 7 m, about 0.6 times spudcan diameter). 
To validate the trend of measured bending moments, the front soil pressure on the pile 
was measured in an additional test A11f with a pile instrumented with total stress 
transducers shown in Figure 3.9(b). The test program is exactly the same as that in test 
A5 and the locations of these stress transducers can be found in Figure 6.12. A more 
detailed description of this pile with total stress transducers is given in Section 3.3.4. 
Smith (1987) established that the total soil pressure on a pile consists of the soil 
pressure and the side friction shown in Figure 2.21. Many researchers have measured 
the front soil pressure distribution along the shaft of laterally loaded piles using 
pressure transducers (Adams and Radhakrishna, 1973; Chari and Meyerhof, 1983; 
Meyerhof and Sastry, 1985; Prasad and Chari, 1999). As the side friction is easily 
mobilized with only several or tens of millimeters and the rear soil pressure is 
negligible, during spudcan penetration associated with large soil deformation, the 
average frontal normal pressures along the pile shaft facing the spudcan, directly 
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measured by pressure transducers, are deemed to be able to represent the trend of total 
soil pressure developments on the pile. 
The readings of the total stress transducers facing the spudcan and located in the clay 
layer (at 5 m, 10 m and 15 m) with datum set from the beginning of spudcan 
penetration are plotted in Figure 6.13. The readings of the transducers along the pile 
segment in the sand layer (at 20 m and 25 m) are considered to be the rear pressure, 
since the sand layer is relatively stable and the pile segment inside the sand layer can 
be taken as the active pile segment as illustrated in Figure 5.7. As such, these readings 
in sand layer do not represent the trend of the total soil pressures on the pile, and are 
therefore not shown here. 
The incremental frontal soil pressures at 5 m and 10 m soil depths reach a maximum 
once the spudcan arrives at the same depth as the pressure transducers, and gradually 
decrease afterwards. This reduction in soil pressure, or in other words, the stress 
relaxation on pile indicates that the soil above the spudcan level starts to move inwards 
due to soil back flow as elaborated in Section 4.4.3.1. 
On the other hand, a reduction in incremental frontal soil pressure at 15 m soil depth 
occurs when the spudcan penetrates to only about 13 m depth, which is different from 
the above observations at higher depths (i.e. 5 m and 10 m). Since a certain amount of 
outward lateral soil movement is still detected when spudcan penetrates from 12 m to 
15 m as shown in Figure 4.50(a), the reduction in soil pressure is possibly attributed to 
the fact that the soil pressure on the pile already reaches the ultimate and additional 
soil movement is directly transferred to the flow around the pile. 
In summary, owing to the greater influence of the inward lateral soil movement acting 
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on the pile because of soil back flow as compared to the outward lateral soil movement 
due to spudcan penetration, and the fact that the induced outward lateral soil 
movement after 12 m spudcan penetration might not necessarily increase the lateral 
soil pressure on the pile, the maximum bending moments after 12 m spudcan 
penetration depth decrease. This finding will be further validated in Section 6.10 with 
relation to the effect of spudcan-pile clearance (test series G). 
6.3.1.2 Spudcan operation and extraction 
The development of pile bending moments during spudcan unloading process and 
operation is shown in Figure 6.14. The bending moment is noted to continuously 
decrease throughout the whole process. At the end of spudcan operation, the maximum 
bending moments at the pile head and centre reduces to 45% and 60% of the maximum 
induced during spudcan penetration (i.e. at 12 m spudcan penetration depth), 
respectively. 
The induced pile bending moment profiles during spudcan extraction are shown in 
Figure 6.15. These are fairly similar to those observed in test A12 (Figure 6.4). The 
centre portion of the pile bends towards the spudcan, and hence both the negative 
bending moment at the pile head and positive bending moment at the mid-pile 
decrease. These bending moments can even reduce to zero and turn to the opposite 
direction. A certain amount of positive bending moment is observed in the underlying 
sand layer, which restrains the pile from moving inwards. The lock-in bending moment 
after spudcan extraction is about 800 kNm, which is only 35% of that in test A12. 
From the comparison of bending moments among different stages, it can be concluded 
that similar to test A12, spudcan penetration is again the most critical stage, with the 
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maximum bending moment always occurring at the pile head. 
6.3.2 Axial pile responses 
The measured pile axial force profiles at 7 different spudcan penetration depths are 
shown in Figure 6.16, together with the residual axial force at the beginning of 
spudcan penetration. Similar to test A12 (Figure 6.8), the compressive force increases 
at the beginning of spudcan penetration, and the neutral plane associated with the 
minimum compressive force shifts downwards. However, after a spudcan penetration 
depth of 13.7 m, i.e. spudcan-sand layer clearance less than 0.44 times spudcan 
diameter, the induced compressive axial force at the pile head ceases to increase and 
then decreases till the end of spudcan penetration. The main reason for this reduction is 
that the underlying sand layer prevents the extension of the upward soil movement to a 
greater depth, which is similar to that observed for lateral soil movement as elaborated 
in Section 6.3.1.1. In contrast, the downward soil movement acting along the upper 
part of the pile extends deeper following the penetrating spudcan, due to soil back-flow 
above the spudcan level. Hence, pile the compressive axial force reduces as the 
spudcan gets fairly close to the underlying sand layer. Another possible reason is that 
the upward shaft friction within this limited extension of upward soil movement zone 
may have already been mobilized and could not increase any more. 
The developments of pile axial force during spudcan operation and extraction are 
similar to those observed in test A12 (Figures 6.9-6.10) and hence these results are not 
presented here. However, it is important to mention that in test A5, the maximum 
compressive force induced during spudcan extraction is less than that during spudcan 
penetration, and therefore spudcan penetration is more critical on the induced pile 
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responses. 
6.4 Test Series A: Effect of Pile Embedded Length in Clay 
During spudcan penetration, since the influence of the induced soil displacement 
extends to a greater depth with a deeper spudcan penetration, the pile bending may 
change among different modes as summarized by Lee et al. (1991) (Figure 2.24), 
depending on both the pile embedded length and the spudcan penetration. In this test 
series, the longest pile has a length of 40 m, about 32 times pile diameter, with a slight 
restraint from the socket length in sand of only 3 m (2.4 times pile diameter), which 
could simulate a very long pile. Meanwhile, a pile with a length of 17 m (13.5 times 
pile diameter) is a typical short pile. The study on this wide range of pile lengths is 
expected to provide the designers the potential bending stress in the piles with different 
design lengths. Axial responses are also compared between 27 m and 40 m length 
piles. 
6.4.1 Lateral pile responses 
Figure 6.17 shows a comparison of bending moment profiles during spudcan 
penetration up to 15 m. In all the tests, the maximum bending moments occur at the 
pile head and increase with spudcan penetration depth. 
At a spudcan penetration of 3 m, there is no obvious difference in the bending moment 
distributions, as the soil movement mainly occurs at a shallow soil depth and the pile 
responses are only slightly influenced by the pile length. With continuous penetration, 
the difference becomes more pronounced, especially the positive bending moments 
near the mid-pile (e.g. at 6 m spudcan penetration depth). 
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It is note that at 3 m and 6 m spudcan penetrations, the largest maximum bending 
moment is induced in the 27-m pile. On one hand, the 17-m and 19-m piles do not 
have enough length to attract all the soil pressures generated by the spudcan. As shown 
in Figure 4.16(a), at 3 m and 6 m spudcan penetration depths the lateral soil 
displacements extend to more than 21 m soil depth. Hence, the soil below the pile toe 
is able to flow freely without inducing any pressure on the pile. Therefore, the pile 
bending moments are reasonably less than that of the 27-m pile, as in the latter case the 
soil movements all act on the pile shaft. On the other hand, comparing 27 m and 40 m 
pile lengths, since all the soil pressures have already been imposed on the pile, the pile 
with a greater length of 40 m would provide a higher degree of lateral resistance and 
hence experiences a smaller bending moment. However, the difference is not so 
significant. 
At a deeper spudcan penetration depth (e.g. after 9 m), as the spudcan gets closer to the 
centre part of the pile, the restraint from the additional pile length becomes evident. 
With a longer pile length, the magnitude of bending moment becomes smaller. When it 
reaches 12 m penetration, the 17-m and 19-m piles behave like cantilever beams. As 
such, the bending moment distribution is all on the negative side and the maximum 
bending moments are found to be greater than those in the piles with 27 m and 40 m 
lengths. 
Figure 6.18 shows the development of bending moments at the pile head during 
spudcan penetration. The corresponding bending stress and utilization ratio are also 
plotted together for a clear view. At the beginning of spudcan penetration (e.g. before 
1.5 m), the bending moments for all the four tests are nearly identical, indicating minor 
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influence from the pile length. When the spudcan penetration depths are between 1.5 m 
and 8 m, the greatest bending moment is observed in 27-m pile. With further spudcan 
penetration, a greater rate of increase is noted with a short pile length. After about 14.2 
m spudcan penetration, as the spudcan approaches the toe of the 17-m pile, the induced 
outward soil movements mainly pass below the pile toe and could not be applied on 
the pile, and hence the bending moments decrease. The maximum bending stress of 
about 200 MPa occurs in this 17-m pile as spudcan penetrates to 14.2 m, and hence 
more than 57% of the lateral pile capacity has been utilized. 
Figure 6.19 presents a comparison of the maximum pile bending moment for different 
pile lengths during spudcan penetration. From the trend of an approximately 
exponential curve simulating the development of bending moment magnitude after 12 
m spudcan penetration, it can be postulated that with a pile length greater than 40 m, 
the maximum bending moment would reduce, but the rate of reduction would tail off 
towards a pile with sufficient length. 
6.4.2 Axial pile responses 
The comparison of pile incremental axial force between the 27-m and 40-m piles 
during spudcan penetration is shown in Figure 6.20. In general, the patterns of 
incremental axial force distributions are similar for all the spudcan penetration depths. 
Except at a shallow penetration depth of 3 m, the incremental axial force in the 27-m 
pile is generally greater than that of the 40-m pile. This is because a longer pile would 
provide a larger extension of shaft friction to prevent the pile from moving upwards, 
which is consistent with Ekshtein (1978) in Figure 2.30. However, the maximum 
difference of 200 kN can be deemed to be insignificant. 
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6.5 Test Series B: Effect of Pile Installation Method 
Similar to the study on free-headed piles, this test series is aimed to investigate the 
effect of pile installation method on fixed-headed piles, including high-g and 1-g pile 
installation. Furthermore, the total stress and pore pressure transducers were 
instrumented on a dummy pile to evaluate the development of soil stress surrounding 
pile. 
6.5.1 Differences in pile responses 
A comparison of pile bending moment and incremental axial force during spudcan 
penetration in tests with a clay thickness of 37 m and 19 m are shown in Figures 6.21 
and 6.22, respectively. 
For the case with a clay thickness of 37 m, the difference in maximum bending 
moment (occurring at the pile head) is less than 10% between high-g and 1-g pile 
installation, though there is a 15% difference around the centre part of the pile. The 
larger bending moment on a pile after high-g installation is probably due to the greater 
generated stress field which provides a higher lateral soil resistance. The magnitude of 
maximum incremental axial force is comparable, whereas those along the lower part of 
pile are noted to be different. After high-g pile installation and soil consolidation, the 
compressive force is still detected under the pile toe; whereas after 1-g pile installation 
and soil reconsolidation, a gap has been formed beneath the pile toe and hence the 
axial force under the pile toe is almost zero. Since the soil can not take much tension, 
for the pile after 1-g installation and soil reconsolidation, the induced upward pile 
movement during spudcan penetration does not generate the tensile force around the 
pile toe and hence there is minor change in the incremental axial force near the pile toe. 
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In contrast, the pile after high-g installation is able to experience a reduction in the 
compressive force under the pile toe. As such, the incremental axial force profiles 
along the lower part of the pile during spudcan penetration are different between these 
two pile installation methods. 
For the case with a 27-m pile embedded in 19-m clay overlying sand layer, the 
maximum bending moments occurring at the pile head are fairly similar. The 
underlying sand layer after high-g pile installation provides a greater soil resistance 
and thus the negative bending moment inside the sand layer is higher. The negative 
incremental axial force at the lower portion of the pile is also detected for 1-g pile 
installation, which is different from the case of 37-m clay as shown in Figure 6.21. 
This is because there is no gap formed beneath the pile tip as the sand experiences 
negligible settlement during soil consolidation before spudcan penetration. The 
maximum pile incremental axial force for high-g installation is greater than that for 1-g 
installation especially at deeper penetration depths. This is again attributed to the 
stronger stress field generated by high-g pile installation. 
In conclusion, the pile bending moments are not greatly influenced by the pile 
installation method, whereas the pile axial forces are significantly affected. As such, 
high-g pile installation should be adopted to simulate a realistic pile installation 
process. 
6.5.2 Stress state surrounding pile 
After the detailed pile responses presented in Sections 6.2 and 6.3, it is necessary to 
investigate the development of soil stress state surrounding the pile. As such, two 
dummy piles instrumented with total stress transducers and pore pressure transducers 
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(see Figure 3.9) respectively are employed. The transducers are evenly distributed 
along the pile shaft at an interval of 5 m. Since the total stress transducer at 10 m soil 
depth malfunctioned, the results hereinafter only cover soil depths of 5 m, 15 m, 20 m 
and 25 m. The soil profile is identical to that of test A10, with the 27-m pile floating in 
37 m thick clay. Two tests, namely tests A10f and A10b, were conducted in order to 
evaluate the soil pressure at the pile surface facing and opposite to the spudcan, 
respectively. The incremental total stress with its datum set from the beginning of 
spudcan penetration and the excess pore pressure are plotted and analyzed hereinafter. 
6.5.2.1 Spudcan penetration 
The developments of incremental total stress and excess pore pressures at the front 
(facing the spudcan) and rear (back to the spudcan) of the pile during spudcan 
penetration are shown in Figure 6.23. 
Similar to the transducer readings in clay/sand layered profile in Figure 6.13, the 
incremental front total pressure (i.e. facing the spudcan) at 5 m depth from the ground 
surface increases with spudcan penetration until the spudcan reaches the same depth of 
5 m, and subsequently reduces. The development of incremental front total pressure at 
15 m is also similar to that in layered soil with a peak occurring at about 13 m spudcan 
penetration depth. 
At the transducer level of 20 m depth (Figure 6.23(c)), the incremental total stress at 
the rear of the pile is greater than that at the front before about 9 m spudcan 
penetration, indicating the pile segment at this level initially behaves as an active pile 
segment and turns to passive afterwards when the induced outward soil movements 
extend deeper, as indicated in Figure 5.7. Similar results can also be seen for the 
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transducers at 25 m soil depth, at which the incremental total stress at the rear of the 
pile is larger than that at the front after about 3 m spudcan penetration depth, implying 
that the pile segments at and below 25 m are always the active pile segments. 
At the front of the pile, the development of excess pore pressure is similar to the 
incremental total stress. It is also observed that when the spudcan approaches the 
transducers located at 5 m, 15 m and 20 m soil depths, the rate of increase in the 
incremental total stress is higher than that in excess pore pressure, indicating an 
increase in the radial effective stress. However, this trend is not applicable to the pile 
segment at 25 m which is far from the spudcan and mainly subjected to active soil 
pressures. 
The development and magnitude of excess pore pressure at the rear of the pile is 
similar to that at the front, indicating the pore pressure close to the pile surface is not 
significantly influenced by the direction of pile deflection due to lateral loading; 
whereas the total stress on the pile as stated above is heavily dependent on the loading 
direction. 
As the incremental total stress at front and rear of the pile were monitored, the gross 
soil pressure on the pile can be estimated. Modified from Smith (1987) in relation with 
the pressure distributions along a pile when subjected to a lateral load (see Figure 2.21), 
the proposed pressure distribution when subjected to spudcan induced soil movement 
is shown in Figure 6.24. In order to obtain the lateral soil loading, the three elements, 
named front soil pressure, rear soil pressure and side friction could be combined with 
two shape factors as follows, 
[ ]max)( ξτη +−= rearfront ppP B        (6.2) 
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where frontp  and rearp  represent the front and rear soil pressure recorded by total 
stress transducers, maxτ is the maximum side friction, η  is the shape factor to account 
for the non-uniform distribution of total stress, ξ  is the shape factor to account for 
the non-uniform distribution of side friction, and B is the pile diameter. 
For a laterally loaded circular pile, Briaud and Smith (1983) suggested that η  = 0.8 
and ξ  = 1.0. It is noted that in Briaud and Smith (1983), the measured normal 
pressure from total stress transducer could represent the peak value since the 
dimension of transducers is much smaller than the pile diameter. However, in the 
present centrifuge modeling, the miniature transducer has a diameter of 6 mm in model 
scale, which is nearly 50% of the pile diameter of 12.6 mm. As such, the recorded 
pressure by this transducer represents the average pressure over this 6 mm diameter 
area and should be less than the peak value. Therefore, considering the shape of the 
pressure distribution as shown in Figure 6.24, the shape factor η  in the present study 
is modified to be 0.9. maxτ is simply taken as the undrained shear strength. 
Owing to limited numbers of transducers, the soil loading acting on the pile as 
estimated from the above calculation cannot represent the entire distribution of soil 
loading along the pile shaft. Alternatively, the soil loading can be derived from the 
beam theory by differentiating the measured bending moment twice. The soil loadings 
near the pile top and toe are not presented since the bending moment within these areas 
are extrapolated from the other strain gauges. These two estimated soil loadings at 
different spudcan penetration depths are compared in Figure 6.25. It is found that both 
the trend and magnitude are more or less similar for these two methods. 
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6.5.2.2 Spudcan operation and extraction 
Figure 6.26 shows the development of incremental total stress and excess pore 
pressure around pile during spudcan operation. At each transducer level, excess pore 
pressures are observed to gradually dissipate during soil consolidation. The decrease in 
incremental total stress is also observed at each level, since the pile recovers towards 
its original state. This can also be validated by the reduction in bending moment along 
the entire pile shaft during spudcan operation as presented in Sections 6.2 and 6.3. 
Moreover, the rate of reduction in incremental total stress is generally lower than 
excess pore pressure at each level, indicating an increase in the radial effective stress. 
The developments of incremental total stress and excess pore pressure during spudcan 
extraction are shown in Figure 6.27. Based on these measurements, the change in 
radial effective stress (equaling to incremental total stress minus excess pore pressure) 
during spudcan extraction can be plotted in Figure 6.28. Since the changes in radial 
effective stresses at the front and rear of the pile are different, the average values are 
hence presented with the relationship to the normalized spudcan depths. 
It is found that for the transducers located at 20 m and 25 m soil depths, the radial 
effective stress decreases immediately and significantly as the spudcan is being 
extracted and has small recovery after the suction breakout (i.e. at a spudcan depth of 
14 m). The radial effective stress at 15 m soil depth remains almost constant at the 
beginning and subsequently reduces after the normalized spudcan depth d/df is less 
than 0.9 (i.e. a spudcan depth of 14.4 m); while the radial effective stress at 5 m soil 
depth increases firstly and has a reduction only when d/df less than 0.3 (i.e. a spudcan 
depth of 4.8 m). It is noted that the radial effective stress mainly decreases 
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significantly at great soil depths and slightly at shallow soil depths, and the reduction 
in radial effective stress occurs at different times depending on the relative elevation 
between the transducer and the spudcan. Except for the transducers located at 20 m 
and 25 soil depths which are below the maximum spudcan penetration depth of about 
16 m, the radial effective stress recorded by the other transducers (i.e. at 5 m and 15 m) 
reduces only when the spudcan ascends to above the corresponding level of 
transducers, since the suction is developed under the spudcan base. 
The shaft friction is closely correlated with the radial effective stress surrounding the 
pile as presented in Section 5.2.2.4. Therefore, during the initial extraction, the 
downward shaft friction is experiencing a further mobilization which overshadows the 
reduction in the mobilized shaft friction due to the reduction in radial effective stress, 
and thus causes an increase and decrease in compressive force for free-headed pile and 
fixed-headed pile, respectively. Afterwards, the reduction in radial effective stress 
becomes dominant and thus the mobilized downward shaft friction reduces accordingly. 
As such, the compressive force would continuously decrease and increase for 
free-headed pile and fixed-headed pile, respectively. 
6.6 Test Series C: Effect of Spudcan Size 
Test series C was carried out to study the effect of spudcan size on responses of 
adjacent piles. The main reason is explained in Section 3.3.2. The spudcans with 
diameters of 12 m and 14 m were chosen, and the piles were located at the same 
normalized spudcan-pile clearance of 0.5D. 
The load-displacement relationships between tests A1 and A2 are compared in Figures 
6.29(a) and (b), in terms of net vertical load and bearing pressure (net vertical load 
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divided by spudcan area), respectively. The differences in bearing pressure during 
spudcan penetration and extraction are 9% and 14%, respectively. As shown in Figure 
6.29(b), the working pressures during spudcan operation and the spudcan depths at 
breakout occurrence during spudcan extraction are observed to be almost the same for 
both 12-m and 14-m spudcan.  
Figure 6.30 shows a comparison of pile bending moment during spudcan penetration. 
It is found that the difference in maximum bending moment at the pile head is less than 
10%, and reduces to within 5% at great penetration depths (> 6 m). 
In summary, the difference is insignificant for practical purpose. Therefore, 12 m 
spudcan is adopted for the other tests on fixed-headed piles to minimize the effect of 
the model container size. 
6.7 Test Series D: Effect of Spudcan-Sand Layer Clearance 
The aim of this test series was to investigate the effect of the underlying sand layer on 
adjacent piles when the spudcan penetrates in soft clay and gradually approaches the 
sand layer. Since the maximum spudcan penetration depth in test A3 is less than 15 m, 
the comparison of pile behaviors is made to 14 m. The thicknesses of overlying clay 
layer for test A12, A3 and A4 were proposed to be 37 m, 23 m and 19 m, respectively. 
As such, at a spudcan depth of 14 m, the spudcan-sand layer clearance is 23 m in test 
A12, which is large enough not to be affected by the sand layer. The smallest clearance 
of only 5 m in test A4 is taken to be fairly close and the soil flow should be heavily 
influenced by the underlying sand layer. It should be noted that it is impossible to 
simulate the same pile length and pile socket length in sand simultaneously because of 
the different clay layer thickness. In order to have the spudcan-induced clay 
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movements fully imposed on the pile, the piles in these 3 tests were all socketed 2 or 3 
m into the underlying sand layer. 
The load-displacement relationships during spudcan penetration are compared in 
Figure 6.31, in terms of both net vertical load and bearing pressure. At shallow 
spudcan penetration depths, the load and pressure for these three tests are fairly similar. 
The bearing loads in tests A3 and A4 start to separate from that in test A12 when the 
spudcan penetrates 10.5 m and 8 m respectively, both of which correspond to a 
spudcan-sand layer clearance of about one spudcan diameter. Similar result is also 
observed in the half-spudcan tests presented in Chapter 4. 
Soil squeezing is obvious as the spudcan approaches the underlying sand layer, and the 
lateral soil movements at the pile location are increased correspondingly as reported in 
Section 4.4.3.1. Intuitively, since the lateral soil movement is increased, the pile lateral 
responses should be increased as well. However, the comparison of bending moment 
profiles during spudcan penetration in Figure 6.32 shows that at the same spudcan 
penetration depth, the pile bending moment is larger when the embedded pile length in 
clay is greater, or in other words the spudcan is further from the underlying sand layer. 
It is possible because if the spudcan-sand clearance is larger, the soil movement can 
extend to a greater depth rather than being restrained by the underlying sand layer. 
Obviously the effect of the greater extension zone of soil movement owing to a larger 
spudcan-sand clearance overshadows the effect of soil squeezing arising from the 
restraint by the underlying sand layer, and leads to a greater pile bending moment. 
The development of bending moment at the pile head is compared as shown in Figure 
6.33, since the maximum bending moment always occurs at this elevation. The 
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difference in pile bending moment becomes greater as spudcan penetrates. It is evident 
that in test A4 as the spudcan is fairly close to underlying sand layer at 12 m spudcan 
penetration (spudcan-sand layer clearance = 7 m), the bending moment would reduce, 
similar to test A5 presented in Section 6.3.1.1. It is further expected that there is also a 
peak bending moment in test A3, if the spudcan penetrates deeper than what has been 
achieved in this test so that the spudcan and the underlying sand layer also gets such a 
close clearance. 
The relationship between the maximum pile bending moment and pile embedded 
length in clay, during spudcan penetration is shown in Figure 6.34. The pile embedded 
length in clay is the same as the thickness of the clay layer as the pile is socketed into 
the underlying sand. It is found that the bending moment increases with a greater pile 
embedded length in clay and the rate of increase gradually decreases. The rate is 
expected to reach zero ultimately if the embedded length is great enough. 
It should be noted that the above finding is applicable to the pile socketed into the 
underlying sand layer, and thus all the potential induced soil movements are applied on 
the pile. If the pile is floating in clay as presented in test series A, a certain amount of 
soil movements will pass below the pile toe. Moreover, there is no such a rigid 
restraint at the pile toe provided by sand layer and thus the bending mechanism 
approaches a cantilever wall. Therefore, the lateral pile responses could be different.  
From a practical point of view, for a soil profile consisting of a thin clay layer, the pile 
should be socketed into the underlying rigid layer to obtain adequate bearing capacity. 
In such a case, soil squeezing is induced when the spudcan is close to the underlying 
rigid layer; hence the clay thickness or in other words the pile embedded length in clay 
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is the critical contributing factor to the pile responses. Correspondingly, test series D 
could be used to understand this problem. On the other hand, if the soil consists of a 
very deep clay layer, the pile with a great embedment (e.g. 50 m) in clay can have 
sufficient bearing capacity. In such a case, the pile length is deemed to be the 
contributing factor and the results of test series A could be referred to. As established 
from the results, the variance in bending moment becomes less when the pile length (in 
test series A) and clay thickness (test series D) are great (e.g. about 40 m), test A12 
could be used as a preliminary guide for the case of deep soft clay. 
6.8 Test Series E: Effect of Pile Socket Length in Sand 
Test series E was conducted to investigate the effect of pile socket length. With a 
longer socket length, the pile should be subjected to a stronger restraint at the lower 
pile section which might affect the pile responses. In order to have a better 
understanding of the corresponding mechanism, relatively long socket length of 8 m 
and nil socket length were chosen as the two extremes, with another socket length of 
3-m served as the in-between. A floating pile with 17 m length was also examined in 
order to evaluate the difference between floating pile and socket pile. 
A comparison of induced pile bending moment at different spudcan penetration depths 
is shown in Figure 6.35. At a shallow penetration depth such as 3 m, the pile bending 
moment is only slightly influenced by the socket length. Afterwards, the pile with a 
greater socket length would experience a smaller bending moment due to the higher 
restraint from the underlying sand layer. The difference is more obvious when the 
spudcan penetrates deeper and approaches the underlying sand layer. 
The shortest 17-m long pile floats in clay and thus behaves like a cantilever beam 
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when the spudcan is close to the pile toe. The maximum bending moment is found to 
be much greater than those in the other cases. For the 19-m pile with its toe merely 
touching the underlying sand layer, it appears that the small restraint at the pile toe has 
an effect since the bending moment is observed to be closer to those with some pile 
socket lengths in sand. This is possible as the clay within 1-2 m above the clay-sand 
interface is fairly stable and forms a relatively rigid layer due to the restraint from the 
sand layer, as discussed in Chapter 4. For the above 17-m and 19-m piles, no negative 
bending moment around the pile tip is detected and the positive bending moment at the 
centre portion of the pile is also much smaller than those in the other two cases with 3 
m and 8 m socket lengths. 
The developments of pile responses with the pile tip socketed 3 m and 8 m into the 
sand layer are similar. The maximum negative bending moment occurs at the pile head 
and the maximum positive bending moment always takes place at the same elevation 
around the centre portion of the pile. A certain amount of negative bending moment 
along the pile segment within the sand layer is noted for the pile with 8 m socket 
length throughout the spudcan penetration and also for the pile with 3 m socket length 
but only before 6 m spudcan penetration depth, caused by the restraint from the sand 
layer. Since the negative bending moment at the lower portion of the pile with a longer 
socket length of 8 m is greater than that with 3 m socket length, the corresponding 
maximum positive bending moment at the centre portion is found to be less. 
The development of maximum bending moment occurring at the pile head during 
spudcan penetration is shown in Figure 6.36. For all the 4 tests, the maximum bending 
moment reaches the peak at around 12-13.5 m spudcan penetration depth and 
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decreases afterwards. However, this reduction in maximum bending moment after the 
peak for the 17-m pile is not as obvious as in the other three cases, since the bending 
pattern of this floating pile changes from like a propped to an un-propped cantilever 
wall as the spudcan approaches the pile toe. This change in bending pattern is 
supposed to enlarge the bending moment, or in other words minimize the reduction in 
bending moment. 
The relationship between the maximum bending moment and pile socket length in 
sand during spudcan penetration is established in Figure 6.37. It can be found that the 
trend is fairly clear after 9 m spudcan penetration depth, with the bending moment 
reducing rapidly from a floating pile to a socket pile and the rate of reduction becomes 
smaller especially after a socket length of 3 m (about 2.4 times pile diameter). This 
result is fairly similar to the finding observed in respect to the deflection of 
free-headed piles subjected to lateral loading by Yang and Liang (2006), as shown in 
Figure 2.23. Therefore, it can be concluded that with a longer socket length than 8 m, 
the bending moment would marginally decrease. 
6.9 Test Series F: Effect of Soil Squeezing 
It is difficult to directly compare the responses of piles in between single clay layer and 
clay/sand layered soil, such as test A12 and A5 presented in Sections 6.2 and 6.3 
respectively. This is because many factors like socket lengths and pile lengths need to 
be considered. This test series would concentrate on a floating pile of 17 m length in 
both single clay layer and clay/sand layered soil. In the latter soil profile consisting of 
19-m soft clay overlying sand, the pile toe is 2 m above the clay/sand interface and 
hence the pile lateral responses should not be restrained by the underlying sand layer. 
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As such, the difference in pile responses should be purely due to the soil squeezing as 
elaborated in Section 4.4.3.1. 
Comparing the bending moment profiles between tests A14 and A15 in Figure 6.38, at 
a shallow spudcan penetration of 3 m and 6 m, the bending moments are nearly 
identical, which is consistent with the similar lateral soil movements for these two soil 
profiles as indicated in Figure 4.51. At a spudcan penetration depth of 9 m or greater, 
the maximum bending moments in layered soil are observed to be greater than those in 
single clay layer, but the difference is less than 7% only. 
The differences can be seen clearly in Figure 6.39 in terms of the development of the 
maximum bending moment occurring at the pile head versus spudcan penetration 
depth, which can be typically divided into 4 stages: 
1. Before 7 to 8 m spudcan penetration, the maximum bending moments are almost 
identical; 
2. Between about 7-8 m and 12 m spudcan penetration, the rate of increase in bending 
moment is greater for clay/sand layer, same as the spudcan bearing load in Figure 
4.29. This can be attributed to the increased lateral soil displacements as shown in 
Figures 4.51 and 4.52. The difference in bending moments becomes greater with 
spudcan penetration and reaches the maximum of about 7% as spudcan penetrates 
to 12 m; 
3. Between 12 m and 14.2 m spudcan penetration, in clay/sand layer the bending 
moment gradually stops to increase and subsequently decrease, similar to test A5 in 
Section 6.3.1.1; whereas in single clay layer the bending moment continues to 
increase, similar to test A12 in Section 6.2.1.1; 
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4. After 14.2 m spudcan penetration, the pile bending moment in single clay layer 
decreases, due to the soil flowing under the pile toe as the spudcan is approaching 
the pile toe. As such, a certain amount of outward soil movements could not apply 
on the pile; whereas the back-flow induced inward soil movements above the 
spudcan level starts to play a more important role. 
It is noted that the maximum increase in bending moment of 7% is smaller than the 
increase in the maximum lateral soil movement of 18%. This can be attributed to the 
fact that the soil pressure on pile nearly reaches the limiting pressure under such a 
large soil deformation of hundreds of millimeters. Additional soil movements may not 
necessarily produce an increase in the soil pressure on pile as well as bending moment. 
Combining the findings from the study on pile socket length in test series E, it can be 
concluded that soil squeezing would increase the pile bending moment slightly only 
when the pile toe is not severely affected by the underlying sand layer. However, this 
may not happen in practice because firstly with such a thin clay layer, the pile should 
be socketed into the underlying sand layer to achieve adequate bearing capacity. 
Secondly, if the clay thickness is great (e.g. more than 50 m) and the pile is long 
enough to have sufficient capacity, the spudcan with a limited penetration of 2 to 3 
times spudcan diameter in practice could not be close to the underlying sand layer and 
hence soil squeezing would not occur. 
6.10 Test Series G: Effect of Spudcan-Pile Clearance 
The objective of test series G was to investigate the effects of spudcan-pile clearance 
on adjacent piles. As detected in the study on free-headed piles, pile responses 
decrease as the pile is located gradually further away from the spudcan. To explore the 
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applicability of this conclusion, similar experimental program was applied at a more 
realistic condition, i.e. on fixed-headed piles. A total of 4 tests with different 
spudcan-pile clearances in clay/sand layered soil were examined including 0.25D, 
0.5D, 1D and 1.25D. Another three tests were also conducted in single clay layer with 
the clearances of 0.25D, 0.5D and 1D. Detailed program can be found in Table 6.2(g). 
The comparison of pile bending moment profile in clay/sand layered soil at different 
spudcan penetration depths is shown in Figure 6.40. It is noted that the distributions of 
bending moment exhibit similar trends, and the magnitudes reduce when the pile is 
further away from the spudcan. This is consistent with the trend of observed lateral soil 
movements at different distances presented in Chapter 4. As expected, the pile with the 
smallest clearance of 0.25D experiences the maximum bending moment, for both the 
negative bending moment at the pile head and near the pile toe, as well as the positive 
bending moment at the centre portion of the pile. 
The relationship between the maximum bending moment occurring at the pile head 
and spudcan-pile clearance during spudcan penetration is plotted in Figure 6.41. The 
bending moment at 1.25D is only 25% of that at 0.25D. From the trend of the fitted 
curve, the bending moment at 1.25D is smaller than the extrapolated, which is 
probably caused by the boundary effect, since at such a greater clearance of 1.25D, the 
distance between the pile and container boundary is only 4.7 times pile diameter, 
which is less than the generally accepted ratio of about 6 or 7 (e.g. API, 2000). 
Therefore, the realistic bending moment at 1.25D should be greater and between the 
measured value and the value at 1D. For example, as spudcan penetrates 12 m, the 
maximum bending moment at 1.25D should be between 1500 kNm (measured) and 
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3000 kNm (at 1D), which is equivalent to a bending stress in the range of 35-70 MPa, 
about (10-20)% of the yield stress. 
From the development of maximum bending moment during spudcan penetration 
shown in Figure 6.42, it is observed that the spudcan penetration depth corresponding 
to the occurrence of peak bending moment varies among these 4 tests. The pile 
bending moment reaches the peak at an early spudcan penetration stage if the pile is 
closer to spudcan. This trend can be attributed to the different degrees of disturbance to 
the soil with the most severe at the shortest distance from the spudcan. As such, the 
back flow is more dominant at a smaller clearance (Figure 4.18), resulting in the 
occurrence of maximum bending moment at a shallower spudcan penetration depth. 
The maximum bending moment at 0.25D spudcan-pile clearance occurs when spudcan 
penetrates about 10.8 m, equivalent to a bending stress of more than 140 MPa, or 40% 
of the typical yield stress of 350 MPa. 
The bending moment profiles in single clay layer are compared in Figure 6.43, and the 
trend is similar to those in clay/sand layered soil. Since after 15 m spudcan penetration, 
the maximum bending moments at 0.25D and 0.5D occurs near the mid-pile depth 
rather than at the pile head, the developments and comparisons of both maximum 
negative and positive bending moments are plotted in Figures 6.44-6.47. The 
magnitudes of bending moment reveal that at a spudcan-pile clearance of 0.25D, the 
maximum negative and positive bending stresses are fairly high, corresponding to the 
utilization ratios of 72% and 86%, respectively. Therefore, at such a close spudcan-pile 
clearance of 0.25D, the pile safety is heavily affected. 
This reduction in bending moment with a greater spudcan-pile clearance is consistent 
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with that observed by Chow (1987) and Wu et al. (2008). By contrast, Siciliano et al. 
(1990) reported that the bending moment for the pile at 0.5D was smaller than that at 
1D during spudcan penetration, as mentioned in Section 2.5.2.1 (see Figure 2.37). 
Considering the difference in the pile bending shape as analyzed in Section 6.2.1.1, it 
may be concluded that for Siciliano et al. (1990), the head of the pile at 0.5D may not 
be perfectly fixed by the pile cap which releases the pile bending moment by some 
extent. 
6.11 Test Series H: Effect of Operation Period 
Test series H was conducted to study the effects of operation period. Pile responses 
undergoing different operation periods, i.e. very short period of 3 days and relatively 
long period of 415 days, were both investigated. The 3-day operation period is the 
shortest period that can be practically achieved in experiments, due to the time 
required to manually switch between load and displacement control mode. 
The comparison of load-displacement curve in Figure 6.48 shows that a significant 
difference occurs during spudcan extraction, with the breakout force of about 20 MN 
after a 3-day operation, which is only 50% of that after a 415-day operation period. 
This finding is consistent with that observed in test series Fc for free-headed piles.  
The pile responses during spudcan penetration for both tests are fairly similar and thus 
not presented here. The bending moment profiles during spudcan unloading and 
operation for a 3-day period are shown in Figure 6.49. The maximum bending moment 
obtained during spudcan penetration is slightly smaller than that in test A12 (Figure 6.2) 
due to a shorter final penetration depth. Since there are only 3 days for the soil to 
consolidate, the reduction of bending moment is smaller compared with that after a 
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415-day operation period in Figure 6.2. 
The bending moment profiles during spudcan extraction after a 3-day operation period 
are shown in Figure 6.50, and a significant amount of reduction in bending moment is 
detected. At the end of spudcan extraction, the maximum lock-in bending moment 
occurs at 30 m depth with a magnitude of about 35% greater than that observed for a 
415-day operation period in test A12. This greater lock-in bending moment is due to a 
smaller reduction in bending moment during spudcan extraction as well as a higher 
initial bending moment at the beginning of extraction, owing to a shorter operation 
period. This result can also be clearly observed in Figure 6.51 in terms of the time 
history of the maximum bending moment starting from the end of spudcan penetration. 
This finding is similar to the observations of the lateral responses of free-headed piles. 
It is therefore established that the greater suction developed after a longer jack-up 
operation period generates larger lateral soil pressures on a pile, and thus causes a 
greater reduction in pile bending moment. 
The above finding reveals that the bending moment during spudcan extraction is less 
than 40% of that at the beginning of extraction, and the difference is greater if 
compared with that during spudcan penetration. As a result, spudcan extraction is not 
considered as critical as the spudcan penetration. In addition, the lock-in bending 
moment in the pile after spudcan extraction reduces with increasing operation period. 
This bending moment should be considered in design combined with the potential 
environmental and storm loadings after the jack-up rigs leave the location. 
6.12 Summary 
Several series of centrifuge tests have been conducted to investigate the effect of 
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spudcan penetration/extraction on the response of fixed-headed piles. The effect of 
typical parameters such as soil profile, spudcan-pile clearance and spudcan operation 
period were examined. For the case with spudcan far above the underlying sand layer 
at its maximum penetration depth, the bending moment continuously increases until 
the end of spudcan penetration. While for the case with spudcan final penetration depth 
close to the underlying sand layer, the peak bending moment takes place as the 
spudcan-sand clearance less than 0.58-0.75 times spudcan diameter, and then decrease 
till the end of spudcan penetration. This phenomenon is mainly owing to the 
prevalence of localized plastic flow mechanism as well as the reduction in the extent of 
outward soil movement zone owing to the restraining effect from the underlying sand 
layer. For both soil profiles, it is concluded that spudcan penetration is the most critical 
stage, compared to spudcan operation and extraction. With respect to the axial pile 
response, the compressive axial force increases during spudcan penetration, and it is 
further found that the maximum compressive axial forces induced during spudcan 
penetration and extraction are fairly similar. 
The study on the effect of pile length in test series A shows that at a shallow 
penetration depth, the bending moment has a peak value at a medium pile length of 27 
m, which is determined by the counterbalance between the extension of soil movement 
on pile and restraint provided by lower part of the pile. However, as the spudcan 
penetrates deeper, a longer pile would experience a smaller bending moment; while for 
a short pile of 17-m and 19-m length, the pile bending mechanism would have a 
transformation from like a propped to an un-propped cantilever wall. For axial 
responses, a greater pile length is found to have a smaller incremental compressive 
axial force during spudcan penetration. 
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It can be concluded from test series B that the difference in bending moments between 
high-g and 1-g pile installation is negligible, whereas the axial force is significantly 
affected by the installation method. 
Test series C shows that the differences in both spudcan bearing load and pile 
responses are insignificant between 12 m and 14 m spudcan sizes. A smaller size of 12 
m is thereby recommended to minimize the effect of model container size in the 
present study. 
Test series D reveals that the pile with greater embedded length in clay, i.e. spudcan is 
further above the underlying sand layer, always has a larger induced bending moment, 
provided that piles are socketed into the underlying sand layer. 
The study on the effect of pile socket length in sand in test series E shows that with a 
longer socket length, the induced maximum bending moment during spudcan 
penetration becomes smaller. However, the effect marginally decreases, especially 
when the socket length is larger than about 2.4 times pile diameter, at which the pile is 
almost fully stabilized by the sand layer. 
Test series F on the effect of soil squeezing reveals that the lateral pile responses are 
more significant due to soil squeezing if the pile toe is not socketed in the sand layer. 
However, the increased lateral pile response is insignificant. 
Combing test series E and F, it is established that for socketed pile, the single clay 
layer is more critical than the clay/sand layered soil profile; while for non-socketed 
pile, clay/sand layered soil associated with soil squeezing effect is more severe. 
The effect of spudcan-pile clearance in test series G shows that the pile response 
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becomes smaller at a further distance away from spudcan. The pile safety is 
significantly affected at a spudcan-pile clearance of 0.25D for a pile in single clay layer, 
since the induced bending stress can reach over 85% of the pile yield stress. 
Test series H concludes that a shorter operation period would induce less incremental 
bending moment during spudcan extraction due to a smaller suction developed at the 
spudcan base, and hence result in a greater lock-in bending moments after spudcan 
extraction. Since these bending moments are much smaller than those induced during 
spudcan penetration, the effect of operation period may not be a significant 
contributing factor to the pile responses. 
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A1 High-g 14 37 3 27+0 0.5D 15 415 
A2 High-g 12 37 3 27+0 0.5D 15 415 
A3 High-g 12 23 17 23+2 0.5D 15 415 
A4 High-g 12 19 21 19+3 0.5D 15 415 
A5 High-g 12 19 21 19+8 0.5D 15 415 
A6 High-g 12 19 21 19+0 0.5D 15 415 
A7 High-g 12 37 3 19+0 0.5D 15 415 
A8 High-g 12 19 21 19+8 0.25D&1D 15 415 
A9 High-g 12 19 21 19+8 1.25D 15 415 
A10 1-g 12 37 3 27+0 0.5D 15 415 
A10f* 1-g 12 37 3 27+0 0.5D 15 415 
A10b* 1-g 12 37 3 27+0 0.5D 15 415 
A11 1-g 12 19 21 19+8 0.5D 15 415 
A11f* 1-g 12 19 21 19+8 0.5D 15 415 
A12 High-g 12 37 3 37+3 0.5D 22 415 
A13 High-g 12 37 3 37+3 0.5D 22 3 
A14 High-g 12 19 21 17+0 0.5D 15 415 
A15 High-g 12 37 3 17+0 0.5D 15 415 
A16 High-g 12 37 3 37+3 1D 22 415 
A17 High-g 12 37 3 37+3 0.25D 22 415 
Preload ratio = operational load/maximum installation load = 0.5;     
Pile diameter = 1.26 m;      
Note: * In tests A10f and A11f, piles were instrumented with transducers facing towards spudcan; in test A10b, transducers were placed on the pile shaft 
facing back to the spudcan. 
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Table 6.2. Scheme of test series. 
 
(a) Test series A: Effect of pile embedded length in clay. 
 
Test No. Scheme Parameters 
A15 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A7 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A2 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A12 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
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Table 6.2. (cont.) Scheme of test series. 
 
(b) Test series B: Effect of pile installation method. 
 
Test No. Scheme Parameters 
A2 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A10 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: 1-g 
A5 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A11 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: 1-g 
 
 
(c) Test series C: Effect of spudcan size. 
 
Test No. Scheme Parameters 
A1 
 
Spudcan diameter D = 14 m; 
Operation period = 415 days; 
Pile installation: high-g 
A2 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
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Table 6.2. (cont.) Scheme of test series. 
  
(d) Test series D: Effect of spudcan-sand layer clearance. 
 
Test No. Scheme Parameters 
A4 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A3 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A12 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
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Table 6.2. (cont.) Scheme of test series. 
 
(e) Test series E: Effect of pile socket length in sand. 
 
Test No. Scheme Parameters 
A5 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A4 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A6 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A14 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
 
 
(f) Test series F: Effect of soil squeezing. 
 
Test No. Scheme Parameters 
A14 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A15 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
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Table 6.2. (cont.) Scheme of test series. 
 
 (g) Test series G: Effect of spudcan-pile clearance. 
 
Test No. Scheme Parameters 
A5 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A8 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A9 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A12 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A16 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A17 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
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Table 6.2. (cont.) Scheme of test series. 
 
 (h) Test series H: Effect of operation period. 
 
Test No. Scheme Parameters 
A12 
 
Spudcan diameter D = 12 m; 
Operation period = 415 days; 
Pile installation: high-g 
A13 
 
Spudcan diameter D = 12 m; 
Operation period = 3 days; 
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Figure 6.1. Induced pile bending moment during spudcan penetration (test A12). 





























Figure 6.2. Development of pile bending moment during spudcan unloading and 
operation (test A12). 


























Max. positive bending moment (at 25 m soil depth)
Max. negative bending moment (at pile head)
 
 
Figure 6.3. Development of maximum bending moments during spudcan unloading 





































Figure 6.4. Induced pile bending moment during spudcan extraction (test A12). 
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Figure 6.5. Gradual transition of bending moment at the initial stage of spudcan 
extraction (test A12). 
 


































































































(a) at lower part of pile      (b) at upper part of pile 
 
Figure 6.6. Strain gauge readings at several depths during spudcan extraction 
(test A12). 
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   (a)        (b)         (c) 
Figure 6.7. Load superposition: (a) residual load distribution before spudcan 
penetration; (b) load transfer after pile installation; (c) downdrag load due to soil 
reconsolidation (test A12). 
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 (a) Axial force      (b) incremental axial force 
 
Figure 6.8. Induced pile axial force during spudcan penetration (test A12). 
= +
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 (a) Axial force      (b) incremental axial force 
 
Figure 6.9. Induced pile axial force during spudcan unloading and operation (test A12). 
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(a) Axial force      (b) incremental axial force 
Figure 6.10. Induced pile axial force during spudcan extraction (test A12). 
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Figure 6.13. Incremental frontal soil pressure during spudcan penetration 
(test A11f). 






























Figure 6.14. Development of pile bending moment during spudcan unloading and 
operation (test A5). 
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Figure 6.15. Induced pile bending moment during spudcan extraction (test A5). 
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(a) Axial force      (b) incremental axial force 
 
Figure 6.16. Induced pile axial force during spudcan penetration (test A5). 
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Figure 6.17. Comparison of bending moment during spudcan penetration (series A). 
Spudcan penetration depth: 
3 m 6 m 
9 m 12 m 
15 m
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Figure 6.18. Development of maximum bending moment occurring at pile head during 
spudcan penetration (series A). 
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Figure 6.19. Comparison of maximum bending moment of piles with different pile 
lengths during spudcan penetration (series A). 
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Figure 6.20. Comparison of incremental axial force during spudcan penetration 
(series A). 
Spudcan penetration depth: 
3 m 6 m 
9 m 12 m 
15 m
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Bending moment: 
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Figure 6.21. Comparison of bending moment and incremental axial force during spudcan penetration between test A2 and A10 (series B). 
3 m 6 m 9 m 12 m 15 m
3 m 6 m 9 m 12 m 15 m
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Bending moment: 











































































































Incremental axial force: 
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Figure 6.22. Comparison of bending moment and incremental axial force during spudcan penetration between test A5 and A11 (series B).
3 m 6 m 9 m 12 m 15 m
3 m 6 m 9 m 12 m 15 m
Clay-sand interface
Clay-sand interface
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(a) transducers at 5 m        (b) at 15 m 
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(c) transducers at 20 m       (d) at 25 m 
Figure 6.23. Development of pressures surrounding pile during spudcan penetration 
(test A10f & b). 







Figure 6.24. Distribution of earth pressure and side friction around pile subject to 
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Figure 6.25. Development of lateral soil loading on pile during spudcan penetration. 
Spudcan penetration depth:
3 m 6 m 
9 m 12 m 
15 m
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(d) transducers at 25 m 
 
Figure 6.26. Development of pressure during spudcan operation (test A10f & b). 
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(c) at 20 m         (d) at 25 m 
Figure 6.27. Development of pressures surrounding pile during spudcan extraction 
(test A10f & b). 
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Figure 6.28. The development of the change in radial effective stress acting along the 
pile shaft during spudcan extraction. 
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(a) Load-displacement curve     (b) Pressure-displacement curve 
Figure 6.29. Comparison of load-displacement relationship (series C). 
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Figure 6.30. Comparison of bending moment during spudcan penetration (series C). 
Spudcan penetration depth: 




Chapter 6 Effect of Spudcan on Fixed-Headed Pile 
 346
0 5 10 15 20 25 30 35 40
















































(a) Load-displacement curve      (b) Pressure-displacement curve 
 
Figure 6.31. Comparison of load-displacement relationship during spudcan penetration 
(series D). 
 






































(a) 3 m              (b) 6 m 
Figure 6.32. Comparison of bending moment during spudcan penetration (series D). 
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(c) 9 m              (d) 12 m 
 

















(e) 14 m 
Figure 6.32. (cont.) Comparison of bending moment during spudcan penetration 
(series D). 
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Figure 6.33. Development of maximum bending moment occurring at pile head during 
spudcan penetration (series D). 
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Figure 6.34. Comparison of maximum bending moment of piles with different clay 
thicknesses during spudcan penetration (series D). 
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Figure 6.35. Comparison of bending moment during spudcan penetration (series E). 
Spudcan penetration depth: 
3 m 6 m 
9 m 12 m 
15 m
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Figure 6.36. Development of maximum bending moment occurring at pile head during 
spudcan penetration (series E). 
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(negative denotes pile floating in clay)
 
Figure 6.37. Comparison of maximum bending moment of piles with different socket 
lengths in sand during spudcan penetration (series E). 
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Figure 6.38. Comparison of bending moment during spudcan penetration (series F). 
Spudcan penetration depth:
3 m 6 m
9 m 12 m
15 m
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Figure 6.39. Development of maximum bending moment occurring at pile head during 
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Figure 6.40. Comparison of bending moment during spudcan penetration in clay/sand 
layered soil (series G). 
Spudcan penetration depth: 
3 m 6 m 
9 m 12 m
15 m
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Figure 6.41. Comparison of maximum bending moment occurring at pile head at 
different spudcan-pile clearance during spudcan penetration in clay/sand layered soil 
(series G). 
 
-8000 -6000 -4000 -2000 0



























































-160 -120 -80 -40 0
Bending stress (MPa)
40 20 0
Utilization ratio (%)  
Figure 6.42. Development of maximum bending moment during spudcan penetration 
in clay/sand layered soil (series G). 
Chapter 6 Effect of Spudcan on Fixed-Headed Pile 
 355
















     








































































      

















Figure 6.43. Comparison of bending moment during spudcan penetration in single clay 
(series G). 
Spudcan penetration depth: 
3 m 6 m 
9 m 12 m 
15 m 18 m 
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Figure 6.43. (cont.) Comparison of bending moment during spudcan penetration in 
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Figure 6.44. Comparison of maximum negative bending moment at different 
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Figure 6.45. Development of maximum negative bending moment during spudcan 
penetration in single clay (series G). 
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Figure 6.46. Comparison of maximum positive bending moment at different 
spudcan-pile clearances during spudcan penetration in single clay (series G). 
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Figure 6.47. Development of maximum positive bending moment during spudcan 
penetration in single clay (series G). 
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Figure 6.48. Load-displacement curves (series H). 
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Figure 6.49. Development of pile bending moment during spudcan unloading and 
operation (test A13 in series H). 
 































Figure 6.50. Induced pile bending moment during spudcan extraction 
(test A13 in series H). 
Chapter 6 Effect of Spudcan on Fixed-Headed Pile 
 360





































Figure 6.51. Time history of maximum bending moment starting from the end of 






In the present study, half-spudcan and full-spudcan centrifuge model tests were carried 
out to investigate the soil flow mechanism and adjacent instrumented pile responses 
respectively during spudcan penetration and extraction. In the half-spudcan tests, the 
soil flow patterns have been successfully captured through the application of PIV 
techniques on high resolution photographs taken at high-g. On the other hand, in the 
full-spudcan tests, lateral and vertical responses of both free-headed and fixed-headed 
piles adjacent to the spudcan were monitored to assess the induced stresses on piles. 
The comparison of pile responses between high-g versus 1-g pile installation methods 
shows that the g level has a negligible effect on the lateral pile response but a 
significant effect on the axial pile response (test series Fa and B). Consequently, most 
of full-spudcan tests were carried out in high-g to accurately represent the actual stress 
field, whereas a few tests with 1-g pile installation were also conducted to further 
examine the stress field around the instrumented pile with transducers. 
7.2 Summary of Findings 
7.2.1 Soil failure mechanism 
The soil failure mechanism in both soft clay and clay overlying sand layer were 
examined and compared through a series of half-spudcan tests. The main purpose of 
this investigation is to reveal soil flow mechanism during spudcan penetration and 
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extraction in single soft clay and soft clay overlying sand layer, and also to facilitate 
the analysis of pile behaviors. 
In soft clay, two distinct forms of soil behaviors are typically observed during spudcan 
penetration. At shallow spudcan penetration depths of less than 0.25 times spudcan 
diameter, the soil movements are governed by the general bearing capacity failure 
mechanism. As the spudcan subsequently penetrates further, this mechanism gradually 
transits to a localized plastic flow mechanism, which becomes dominant after a deep 
penetration of about 0.75 times spudcan diameter. 
Centrifuge model tests conducted on clay overlying sand profile reveals that the 
squeezing of soft clay due to the presence of a stiff underlying sand layer is significant 
only when the distance between the spudcan and the sand layer is less than one times 
spudcan diameter. Afterwards, the vertically pressed clay below the spudcan gradually 
transits to move along the boundary of a soil triangle formed above the sand layer and 
leads to increase in soil movements adjacent to the spudcan. It is further observed that 
the soil behavior is influenced by the interaction between the soil squeezing effect and 
localized plastic soil flow mechanism. When the spudcan-sand clearance is between 
0.6 to 1 spudcan diameters, the soil movement adjacent to the spudcan is significantly 
increased. However, when the clearance is less than 0.6D, the localized soil flow 
mechanism, similar to that observed when the spudcan is embedded in single clay 
layer but also owing to the restraint from the underlying sand layer, is the dominant 
soil behavior. 
During spudcan penetration in both soft clay and clay/sand soil profiles, soil adjacent 
to the spudcan moves dominantly upwards and outwards, with some backflows above 
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the spudcan level. The magnitudes of both lateral and vertical soil movements decrease 
with increasing clearance from the spudcan and the zone with significant soil backflow 
is confined to an area approximately 0.25 diameters away from the spudcan edge. 
During spudcan operation which was simplified as a constant vertical loading on the 
spudcan, soil reconsolidates and settles accordingly. Besides, adjacent soil also moves 
inward towards the spudcan centerline, owing to different degrees of disturbance 
caused by previous spudcan penetration. 
Spudcan extraction is associated with the adjacent soil dragged towards the spudcan 
base due to the suction. Similar to spudcan operation, downward and inward soil 
movements are clearly observed. 
Comparing the responses of free-field soil and the soil surrounding a pile adjacent to 
the spudcan, the presence of pile would obstruct the soil from moving laterally 
outward and vertically upward during spudcan penetration. This observation is 
believed to be a manifestation of complex soil-structure interaction. 
7.2.2 Effect of spudcan on free-headed pile 
Free-headed pile was adopted to simulate one extreme pile head condition, i.e. free 
deflection and free rotation at pile head. The induced pile responses during spudcan 
penetration and extraction were aimed to provide insights on the pile-soil interaction 
mechanism as well as to make comparison with the responses of totally fixed-headed 
pile. The comparison enables the evaluation of the effect of pile head restraint on the 
induced pile behavior. 
In soft clay, the pile bending direction changes from bending towards the spudcan at 
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shallow spudcan penetration depths (i.e. before a penetration of 0.6 times spudcan 
diameter) to predominantly away from the spudcan at greater penetration depths (i.e. 
after a penetration of 1.2 times spudcan diameter), owing to the different modes of soil 
flow patterns. The free-headed pile also experiences a reduction in compressive axial 
force and a heave during spudcan penetration, due to the induced upward soil 
movement. 
The pile bending moment tend to decrease during spudcan unloading and the first 80 
days operation period, and then increase again till the end of spudcan operation; 
whereas the pile compressive axial force continuously increases due to soil 
consolidation. Thereafter, during spudcan extraction the suction developed at the 
spudcan base significantly bends the pile towards the spudcan. The pile bending 
moment quickly changes from bending away from the spudcan (sign: positive) to 
towards the spudcan (sign: negative), and the magnitude of negative bending moment 
reach its peak values prior to spudcan breakout. This maximum negative bending 
moment has almost the same magnitude as the maximum bending moment captured 
during spudcan penetration. The induced pile compressive force is found to reach its 
peak prior to spudcan breakout, too. 
A longer jack-up operation period would result in a greater suction developed at the 
spudcan base which induces larger bending moment and axial force on the adjacent 
pile (test series Fc). Similarly, it is observed that the uplift force required to extract the 
spudcan increases with increasing operation period. On the other hand, the effect of 
preload ratio, or in other words, the magnitude of maintained vertical load is found to 
be less significant since the base suction is only slightly influenced (test series Fd). 
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These lateral and axial pile responses are further found to reduce with increasing 
distance from the spudcan edge (test series Fb). Compared to spudcan penetration, the 
lateral pile responses during spudcan extraction are comparable in magnitudes but pile 
bends in opposite directions. The maximum compressive axial force during spudcan 
extraction is greater than that during spudcan penetration, but is further found to be 
similar to that before spudcan penetration. 
7.2.3 Effect of spudcan on fixed-headed pile 
Fixed-headed piles were employed to simulate the other extreme pile head condition, 
i.e. no deflection and no rotation at pile head. The pile was prevented from moving 
both laterally and vertically. Several series of full-spudcan experiments incorporating a 
range of key parameters commonly adopted in practice have been systematically 
conducted to investigate the effects of spudcan on the fixed-head pile responses under 
various scenarios, including spudcan-pile clearance, pile length, pile socket length in 
sand, spudcan operation period, etc. 
Compared to free-headed piles, owing to the restraint provided by the pile cap at the 
head, the pile mainly bends towards the spudcan during spudcan penetration, and its 
bending moment is greater than that of the free-headed pile with the maximum value 
usually occurring at the pile head. The pile is also prevented from moving upwards, 
causing the increase in compressive axial force along the upper part of the pile. 
In soft clay, the bending moment is observed to increase monotonically throughout the 
spudcan penetration process. In contrast, for the case where the spudcan is embedded 
in soft clay overlying sand layer, the bending moment reaches its peak as the spudcan 
penetrates to a soil depth with the spudcan-sand clearance less than 0.58-0.75 times 
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spudcan diameter. This phenomenon is mainly owing to the prevalence of localized 
plastic flow mechanism as well as the reduction in the extent of outward soil 
movement zone owing to the restraining effect from the underlying sand layer. 
In contrast to the free-headed pile responses during spudcan extraction, there is a 
significant reduction of more than 50% in the maximum bending moment for the 
fixed-headed pile. It is further established that the penetration stage is the most critical 
in term of adverse impact on lateral responses of adjacent piles. On the other hand, the 
maximum compressive axial forces induced during spudcan penetration and extraction 
are found to be fairly similar. 
The differences in both normalized spudcan bearing load and pile responses (test series 
C) are insignificant between 12 m and 14 m spudcan sizes, indicating that the results 
could be extrapolated to various spudcan sizes as might be encountered in practice, 
provided that the difference in spudcan size does not vary greatly. This conclusion also 
facilitates the physical modeling to minimize the boundary effect arising from the 
finite size of the model container. 
The study on the effect of pile length in test series A shows that at the beginning of 
spudcan penetration (i.e. before a penetration of 8 m, about 0.67 times spudcan 
diameter), the induced bending moment on a pile with mid length of 27 m reaches a 
peak value. However, as the spudcan penetrates deeper, a longer pile would experience 
a smaller bending moment mainly due to the greater restraint by the underlying soil. 
For short piles with 17 m and 19 m lengths, as the spudcan penetration depth 
approaches the pile toe, the pile behaves like an un-propped cantilever beam. In 
contrast, for a long pile with 40 m length, the maximum spudcan penetration depth is 
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usually just a small fraction of the pile length and therefore the pile behaves more like 
a propped cantilever beam. With respect to the axial pile responses, a longer pile would 
have a smaller increase in the compressive axial force during spudcan penetration.  
In the case that spudcan penetrating to the same soil depth with different clearances 
between the base of the spudcan and the underlying stiff sand layer (test series D), a 
smaller clearance between the base of the spudcan and the sand layer leads to a smaller 
magnitude of induced bending moment on the pile socketed into the sand layer. 
The study on the effect of pile socket length in sand in test series E shows that with a 
longer socket length, the induced maximum bending moment during spudcan 
penetration decreases. However, beyond a certain critical socket length of 
approximately 2.4 times pile diameter, the incremental benefits of a longer socket 
length diminish. 
In a layered soil profile consisting of clay overlying sand, an increase in lateral soil 
movement due to soil squeezing as the spudcan approaches the clay-sand interface is 
thought to increase the induced lateral loads on the adjacent floating pile. However, if 
the pile is directly socketed into the underlying sand layer as commonly adopted in 
practice, the restraints provided by the dense sand layer, occurring simultaneously with 
the soil squeezing effect, acts to reduce the induced moment. The net effect as 
observed from test series D is that the maximum pile bending moment actually 
decreases with decreasing clearance between the spudcan and sand layer. 
As an attempt to isolate the effect of soil squeezing from the restraint on the pile socket 
segment by the sand layer (test series F), it is observed that induced bending moment 
on the floating pile is greater in the presence of an underlying stiff sand layer as 
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opposed to the case of single clay profile, despite the increase is only 7%. Therefore, 
through interpretation of results from these parametric studies, it is established that for 
socketed pile, the upper soft clay layer with a greater thickness (i.e. longer pile 
embedded length in overlying soft clay) is more critical, while for non-socketed pile, 
clay/sand layered soil profile associated with soil squeezing effect is more onerous. 
However, it should be noted that the study on the non-socketed pile case is only for 
academic purpose, since the pile should be socketed into the underlying sand layer if 
the pile toe is close to it. 
As intuitively expected and similar to that in the free-headed pile, the induced bending 
moment in the pile increases with decreasing clearance between the pile and the 
spudcan (test series G). It is found that in single clay layer, at a very close spudcan-pile 
clearance of quarter spudcan diameter, the pile bending stress is over 85% of the pile 
yield stress and hence the pile performance is heavily affected. 
In contrast to the free-headed pile responses during spudcan extraction, a longer 
operation period induces a smaller bending moment in a fixed-headed pile. The 
magnitudes of bending moment are further found to be much smaller than those during 
spudcan penetration, regardless of the duration of operation period. 
7.3 Practical Implications 
This study systematically investigated spudcan-induced pile responses under different 
scenarios. Study on free-headed pile revealed the basic pile bending mechanism, and 
suggested patterns and magnitudes of lateral pile deflections. On the other hand, the 
fixed-headed pile responses provided insights on the degree of disturbance to the 
lateral pile performance. The results have shown some potential cases where 
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fixed-headed piles may be loaded laterally to quite a large increase as to post some 
danger to the pile performance and in the most svere condition, the induced bending 
stress can reach as high as over 85% of the pile yield stress. The latter induced bending 
stress in fixed-headed pile is usually more critical compared to free-headed pile, as in 
practice the pile head is restrained by the upper jack-up leg, and thus the actual lateral 
pile deflection and rotation should be much less than those measured in the present 
free-headed pile tests. Axial pile responses are less critical compared to the lateral 
since there is no major increase in compressive axial pile stress induced by spudcan 
penetration and extraction. It should be noted that the actual pile responses in the field 
with a partially fixed head are expected to lie in-between the two extremes, i.e. 
free-headed pile and fixed-headed pile. 
For floating pile, the difference in pile length could change the pile bending pattern as 
well as bending moment magnitudes as demonstrated in test series A. This test series 
on a wide range of pile lengths is expected to provide the potential stress in the pile for 
the designers to check the pile stability of various lengths. 
With regard to a pile resting or socketed into the underlying stiff layer, the soil 
squeezing effect during spudcan penetration is found to be insignificant to the pile 
responses. However, the socket length in stiff layer, the pile embedded length in soft 
clay are established to play an important role, as established from test series D to F. 
Again, the effect of spudcan-pile clearance for both single soft clay and soft overlying 
stiff soil profile has been evaluated (test series Fb and G), which is deemed to be the 
most important parameter. Engineers should seriously pay attention, and properly 
locate the spudcan at a suitable distance from the adjacent pile, without causing any 
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undesirable stress on piles. 
Soil movements captured in half-spudcan tests successfully reveal the soil failure 
mechanism. Numerical methods, such as finite element method, finite difference 
method and boundary element method coupled with beam-column model could be 
used to evaluate the pile responses from the measured free-field soil movement as a 
preliminary estimation, as explained in Section 2.3.2. However, the distortion of the 
soil during spudcan penetration/extraction should be carefully taken into account. 
7.4 Recommendation for Further Studies 
The present research investigated several fundamental behaviors of spudcan-pile 
interaction. From the insights obtained in this study, the following topics are 
recommended for further studies: 
1. The centrifuge study presented in this dissertation focused on spudcan-pile 
interaction problems in soft clay and soft clay overlying sand layer. Considerable 
scope exists for expanding the study to other stratified soil profiles. 
2. In practice the spudcan penetration can be completed in a relatively calm 
environment. However, during spudcan operation, environmental or storm loading 
is inevitable. Hence, cyclic loading as well as combined lateral and vertical loading 
on spudcan and pile during spudcan operation could be further modeled. The cyclic 
loading on spudcan is expected to cause remolding in the adjacent soil and further 
affect the adjacent pile responses. Lateral and vertical loading on a pile may have a 
significant effect on the pile performance, if combined with the pile lock-in stresses 
induced during spudcan penetration. 
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3. A certain amount of lock-in bending stress is observed after spudcan extraction. 
This stress should be considered in design combined with potential environmental 
and storm loadings after a jack-up rig leaves the location. The pile responses under 
constant horizontal loading at the pile head after spudcan extraction have been 
studied by Stewart (2005) without considering the lock-in pile bending stresses as 
well as the duration of soil consolidation after spudcan extraction. Accordingly, 
experiments could be conducted to apply designed horizontal constant and cyclic 
loading on the pile head at different periods after spudcan extraction. These 
loadings can be in different directions relative to the spudcan footprint.  
4. It is common that the foundation under each platform leg consists of a pile group. 
Therefore, parametric studies could be carried out to investigate the interaction 
between piles in a pile group as the adjacent spudcan penetrates and extracts. 
5. Vertical piles were employed in the present study. However, raked piles are also 
common in practice, and the pile inclination could provide greater resistance 
against lateral loading. Moreover, this inclination could cause the spudcan-pile 
clearance to vary as the spudcan penetrates deeply in soft clay. Further study on the 
raked piles could enable the comparison with the responses of vertical piles and 
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